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ABSTRACT 
METAL COATED FUNCTIONALIZED SINGLE-WALLED 
CARBON NANOTUBES FOR COMPOSITES APPLICATION 
by 
QiangZeng 
This study is considered as a method for producing multifunctional composite 
materials by using metals coated Single-walled Carbon Nanotubes (SWCNTs). In this 
research, various metals (Ni, Cu, Ag) were successfully deposited onto the surface of 
SWCNTs. It has been found that homogenous dispersion and dense nucleation sites 
are the necessary conditions to form uniform coatings on SWCNTs. Functionalization 
has been applied to achieve considerable improvement in the dispersion of purified 
SWCNTs and creates more nucleation sites for subsequent metal deposition. A three-
step electroless plating approach was used and the coating mechanism is described in 
the paper. The samples were characterized by using scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), 
Raman spectroscopy, fourier transform infrared spectroscopy (FTIR), and energy 
dispersive X-ray spectroscopy (EDX). 
Bulk copper/aluminum-SWNT composites were processed by powder metallurgy 
with wet mixing techniques. Coated SWCNTs were well dispersed in the metal matrix. 
Cold pressing followed by sintering was applied to control porosity. The relationships 
between hardness and SWCNTs addition were discussed. 
Ni-SWCNTs composite coatings were prepared by electro-composite deposition. 
SWCNTs were suspended in a Ni deposition electrolyte and deposited together with 
nickel during electrodeposition. SWCNTs concentrations in the coatings were found 
to be related to the SWCNTs concentration in the solution, current density and 
agitation rate. The microstructure of the coatings has been examined by electron 
microscopy. 
Ni coated SWCNTs were also incorporated into the high temperature 
Bismaleimide (BMI)/graphite composite to improve Electromagnetic Interference 
(EMI) shielding and surface conductivity. The vacuum assisted resin transfer molding 
(VARTM) was used to process these composites. Surface and volume resistivity and 
EMI shielding effectiveness of the composites were assessed. A comparison with 
baseline data of unfilled BMI fiber reinforced composites is presented. 
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1.1 Development of the Research 
Much of the current research regarding the fabrication of carbon nanotube 
(CNT) reinforced metal composites is using purified multi-walled carbon nanotubes 
(MWCNTs), because they are easy to manipulate. Though exciting improvements in 
their mechnical properties have been found, the instability (defects and prone to react 
with metal matrices) of MWCNTs has limited their reinforcing capabilities. Single 
wall carbon nanotubes (SWCNTs) with unique mechanical properties and chemical 
stability have attracted attention in the composite research field. Currently, the 
research of SWCNT reinforced metal composites is still in its initial stage. 
SWCNTs are proposed to act as grain refiners and load transfer sources in 
composite systems and anticipated to reduce the density of a composite. Dispersion of 
these one-dimensional reinforcements in metal, ceramic or polymer matrices is 
leading to a new generation of bulk composite materials and composite coating 
systems with unique mechanical and physical properties. Because of their high aspect 
ratio (>1000) and van der Waals forces between nanotubes, SWCNTs usually exist as 
bundles. It is expected that they are difficult to wet by surrounding media, which 
results in a poor dispersion. The inert surface of SWCNTs weakens the interfacial 
bonding between SWCNTs and metal matrix, and therefore, minimizes the load 
transfer. Carbon fiber reinforced metal composites have been studied for decades. 
These composites show that without surface treatment, a pristine carbon fiber will not 
2 
be wetted by metal matrices. However, Electroless nickel coated carbon fibers have 
been demonstrated to be of good interfacial bonding with metal matrices which is 
necessary to couple the inherent strength of carbon fibers to the matrix [75]. 
Deposition of metal onto SWCNTs was proposed to stabilize the SWCNTs 
dispersion and improve the load transfer after being incorporated into a metal matrix. 
Deposition of metal onto the MWCNTs surface has been studied but limited in a 
small MWCNTs concentration due to difficuty with dispersion. The study of metal 
deposition onto the SWCNTs have not been seen in any report because of the 
following difficulties: 
1) Poor dispersion in a aqueous solution. 
2) Small number of available nucleation site along the walls of SWCNTs. 
The current research emphasises on Ni, Cu and Ag deposition onto SWCNTs, 
and subsequent, composites manufacturing. The project proceeds in the following 
steps: First, as-received SWCNTs are purified to get rid of unwanted impurities. 
Second, purified SWCNTs were functionalized to obtain more nucleation sites. Third, 
a three-step electroless plating method is applied to deposit metal onto SWCNTs. 
Fifth, the powder metallurgy and electrical co-deposition method are used to 
manufacture the Cu, Al and Ni composite. Sixth, the optimized Ni coated SWCNTs 
were incorporated into BMI polymer to achieve better surface conductivity and EMI 
shielding. 
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1.2 Goal of the Current Research 
The current research concentrates on the producing the metal coated SWCNTs 
followed by subsequent composite manufacturing. Efforts are made to optimize the 
electroless metal coating processes and characterize the coating properties. 
1.3 Outline of the Dissertation 
This dissertation covers background knowledge of SWCNT purification and 
functionalization, metal deposition on SWCNTs, metal and polymer composite 
manufacturing, metal-SWCNT co-deposition, microstructural analysis, and 
mechanical property measurements. 
• In the background chapter, knowledge from three aspects including SWCNTs, 
metal deposition on SWCNTs, and SWCNT reinforced composite 
manufacturing is summarized. 
• In the purification and functionalization chapter, a detailed 
experimental procedure and charcterization approval is described. Analysis 
techniques includes SEM, TEM, Raman and TGA. 
• In the metal deposition chapter, a comparative study of Ni deposition 
on two types of functionalized SWCNTs is studied, and the process is 
described in detail. Cu and Ag deposition are also described. 
• In the metal composite manufacturing chapter, the PM process is 
described and the hardness testing is performed. 
• In the BMI composite chapter, the VARTM process is applied and the 
surface conductivity and EMI shielding effect is measured. 
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• In the Ni-SWCNTs co-deposition chapter, a detailed Ni-SWCNTs co-
deposition mechanism is studied and the process is optimized. 
1.4 Outcomes 
1. The functionalized SWCNTs have been demonstrated to be activated 
and serve as catalytic substrates for the following electroless plating. The two-
step activation together with metal electroless plating yielded decorated 
SWCNTs. 
2. Conventional metal composite manufacturing methods such as powder 
metallurgy and composite coating are used to produce nano-metal matrix 




2.1 Structure, Properties and Stability of SWCNTs 
2.1.1 Structure of SWCNTs 
Diamond and graphite were considered the only elemental carbon forms, until the 
discovery of fullerenes and nanotubes. Carbon nanotubes can be visualized as a sheet 
of graphite that has been rolled into a cylindrical tube. Graphite is a two-dimensional 
sheet of carbon atoms arranged in a hexagonal array. In this case, each carbon atom 
has three nearest neighbors. Generally two distinct types of nanotubes exist, 
depending on whether the tube walls are made of one layer or more than one. The 
graphitic nanotubes known as multi-walled nanotubes consist of two or more 
concentric cylindrical graphene sheets coaxially arranged around a central hollow 
with a constant separation between the layers which is nearly equal to that of the 
graphite-layer spacing [1,2]. These have diameters ranging from 2 to 25 nra and 
lengths reaching up to several microns. The second kind consists of tubes made of 
single layers of graphene cylinders with a very narrow distribution in size range (1-2 
nm) and lengths extending up to several microns. Since SWCNTs are of a similar 
diameter to that for C6o with excellent mechanical properties , they are a potential 
grain stabilizer similar to Ceo [3]. The high aspect ratio (>1000) of SWCNTs provides 
a unique reinforcement when incorporated into the matrix. Figure 2.1.1 shows the 
allotropes of carbon [4]. 
SWCNT lengths can vary from one to ten micrometers. SWCNTs 
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exhibitcolloidal behavior and experience van der Waals and electric double layer 
interactions that result in their aggregation into bundles of SWCNTs. Figure 2.1.2 
shows a SEM micrograph of SWCNT bundles and a transmission electron 
micrograph of a SWCNT bundle [5,6]. Aggregation acts as an obstacle to most 
applications using SWCNTs and diminishes the unique properties of individual tubes 
if efforts are not made to seperate them from each other. Each bundle can contain up 
to 100 individual tubes and can form in lengths greater than 10.0 um. 
graphite (10,10) rube 
Figure 2.1.1 The different forms of elemental carbon. Clockwise from top left: 
diamond; a representative fullerene (C60); a representative SWCNT (the (10,10) tube); 
graphite (modified from [4]) 
Figure 2.1.2 (a) Scanning electron micrograph of SWCNT bundles and (b) a 
transmission electron micrograph of a SWCNT bundle [5,6]. 
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2.1.2 Properties 
SWCNTs can be considered the ultimate carbon fiber, having a tensile strength 
estimated to be 100 times that of steel [7-11]. Both theoretical calculations and 
experiments [11-15] measuring the Young modulus of SWCNTs give an 
exceptionally large value of over 1 TPa, confirming that nanotubes are among the 
strongest materials known. Indeed, a direct measurement of breaking strengths of 
SWCNTs "ropes" gave values ranging up to 52 GPa [15]. These strength 
measurements were performed at room temperature. However, perfect nanotubes 
should be much stronger because the activation energies are so high. It is likely that 
the nanotubes ropes used in above experiments contained imperfections. 
The thermal conductivity of the nanotubes is expected to be as good as the in-
plane thermal conductivity of graphite, 30W/cm-K, which is the highest of all known 
materials [15]. The electrical conductivity depends on helicity, as mentioned before. 
Figure 2.1.3 shows examples of a metallic and semiconductor nanotube structures. 
The metallic nanotubes are the smallest one dimensional metallic conductor available. 
MO) <«MW 
Figure 2.1.3 Two examples of the nanotube configurations possible: a zigzag 
semiconducting (9,0) and a metallic (10,10) tube (taken from CNI website [18]) 
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Nanotubes also have high flexibility; they can bend, twist and kink without fracturing. 
The elasticity can be another advantage over traditional carbon fiber, which break 
when bent or twisted [13]. Subsequent experiments have found that nanotubes fail at 
strains up to a little over 5% [16]. 
2.1.3 Stabilities 
2.1.3.1 Stability in Inert Atmosphere 
Bougrine et al [19] present their research on a high temperature treatment of 
nanotubes under inert atmosphere. The TEM image of the sample treated at 1400°C is 
similar to that of the raw material. No significant change either in morphology or in 
microtexture is observed. There is also no clear evidence of SWCNT modifications 
produced by a 1600°C treatment. The most significant effect of treatment is the 
vanishing of the metal particles. When the samples are treated at 1800°C, a higher 
density of graphitized carbon particles is observed on the TEM images. After 
treatment at 2000°C, many MWNTs are observed, resulting from the transformation 
of SWCNTs packed in bundles. When the sample is treated at 2400°C all the 
SWCNTs are transformed into MWNTs. The crystal order of the MWNTs is 
significantly altered. Many defects appear along the tubes formed at 2000°C and some 
of them are open ended. The melting temperature of Al and Cu are both lower than 
the temperature that SWCNTs can withstand under the inert atmosphere, which makes 
the manufacturing aluminum and copper matrices composite materials feasible. 
< 
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2.1.3.2 Stability in Air 
Since the SWCNTs produced by most methods have a large amount of impurities, 
such as amorphous carbon, graphite pieces, and catalytic metal particles. Many 
methods of purification have been proposed for removing these impurities. One of the 
most commonly used purification methods is oxidation which includes heat treatment 
in oxygen and reflux of the SWCNTs in boiling nitric acid. The effect of oxidation on 
SWCNTs have been investigated by many scientists. 
Shinichi [20] studied the oxidation of SWCNTs and found that heat treated 
SWCNTs at low temperature 350°C showed no indication of any changes, while 
sharp tips of the SWCNTs were frequently observed for 400°C. The SEM images 
showed no sign of bundle thinning. This coincides with the results of Morishita et al. 
[21], who reported that SWCNTs are gasified from the tips. At 500°C, most of the 
SWCNTs were gasified, and only catalytic metal particles and large graphite pieces 
remained. 
Since most of the metal processing involves high temperature treatment, like 
copper powder metallugy sintering at around 800 °C for several hours, the 
survivability of SWCNTs in a metal matrix has made processing of composites with 
SWCNTs a challenge. Therefore, high temperature processing of SWCNTs reinforced 
metal composite should be taken in an inert atmosphere. 
2.1.3.3 Stability in Nitric Acid 
Shinichi et al [20] also investigated the nitric acid oxidation of SWCNTs. It is 
shown that SWCNTs are relatively inert to oxidation using acids. The SEM of the 
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SWCNTs after nitric acid treatment showed that the SWCNTs were uniformly coated 
with a 'sticky' material. It has been already clarified in other publications that the 
sticky materials are the decomposed products from the amorphous carbon impurities. 
Surface modification of the SWCNTs, due to the attachment of hydrophilic groups, 
also took place, which makes it possible to chemically attach different types of ions or 
functional groups to the surface of SWCNTs. 
The understanding of these SWCNTs properties is advantageous to their use in 
composites. A detailed processing design is required to allow the SWCNTs to survive 
the demands of composite processing. 
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2.2 Method of Depositing Metal Compounds onto the Nanotubes 
After the discovery of carbon nanotubes (CNTs), unique tube structures have 
gained wider application in new composite materials. Deposition of metals on the 
SWNTs has attracted much attention in order to achieve better interfacial bonding. 
Earlier and current works [20-24] have found that many types of metals (e.g., Au, Al, 
Pd,and Fe) interact weakly with the sidewalls of carbon nanotubes, and the nature of 
the interaction is Van der Waals. The binding energies of these metal atoms and 
carbon atoms on a nanotube are low, accompanied by low energy barriers for 
diffusion of metal atoms on the nanotube substrates. The weak interaction and high 
diffusion rates lead to few nucleation sites for metal crystal growth and large particle 
formations on nanotubes. 
Various deposition methods have been applied in order to decorate the sidewall 
of nanotubes with metals as listed below. 
i) Physical vapor deposition 
2) Electroless plating 
3) Reflux in a metal solution 
Dai et al. [24] deposited Au, Pd, Fe, etc. onto the suspended raw SWNT by using 
electro-beam evaporation. The metals were vaporized and then deposited on an 
isolated SWNT. All metals formed noncontinuous discrete particles along the SWNT. 
The formation of disconnected particles is attributed to the weak interactions between 
the SWNTs and the metals that lead to a low nucleation rate and a high surface 
diffusion rate of absorbed metal atoms. It demonstrated that continuous nanowires 
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cannot be formed by directly coating the metals on nanotubes without changing the 
surface condition. 
However, evaporation of Ti leads to the formation of a continuous and uniform 
coating on nanotubes [24]. This is attributed to interaction between Ti and SWNT. 
Titanium is a 3d metal with many d vacancies and has a strong tendency to form 
carbides, with a heat of formation of 54kcal/mole. Furthermore, the curvature of 
SWNTs makes them more reactive toward Ti. These have led to covalent bonding 
characteristics of the Ti-SWNT system, as the d orbitals of Ti hybridize with the p 
orbitals of the carbon atoms of the SWNTs. Therefore, with the surface modification 
of SWNTs with a depositing Ti buffer layer, subsequent deposition of other metals 
leads to nearly continuous and uniform metal coatings. The process requires a 
carefully controlled environment (such as high vacuum), which limits the composite 
application. Ebbesen et al. [25] had been trying to look for a conventional method to 
decorate the SWNTs with metal. It was presented that simply melting a metal onto the 
surface of nanotubes does not work because of their high surface tension. Various 
other efforts to deposit metals directly on the surface of pristine nanotubes were not 
successful but gave rise to considerable agglomeration of the clusters. 
Sidewall functionalization has been proposed to be an approach to facilitate metal 
deposition on SWNTs. Functionalization is extensively investigated in polymer 
composite applications [26-29]. The functionalized SWNTs open the door to having a 
covalent bond with polymers. In the mean time, functionalization creates more high 
energy spots (defects) along the SWNTs which can be the nucleation sites for the 
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subsequent metal deposition. Satishkumar [30] showed that in order to increase the 
nucleation sites and overcome the surface tension issue, surface modification is 
necessary to decorate the sidewall of the nanotubes with metals. Satishkumar et al. 
deposited smaller gold clusters on the nanotube surface by refluxing nanotubes with 
HNO3 in a solution of HAuCU with alkaline tetrakis hydroxymethyl phosphonium 
chloride. Refluxing carbon nanotubes with nitric acid not only opens the closed ends 
of the tubes, but also creates nucleation sites on the nanotubes surface. By using this 
surface treatment, they obtained decorated nanotubes with well-dispersed metal 
clusters of nanometer dimensions adhering to the nanotubes. 
By using this refluxing method, Satishkumar et al. also decorated nanotubes with 
platinum and silver particles. The coverage of the metal particles can be controlled by 
using different metal salt concentrations. Rao et al. [31] reported decoration of acid 
treated carbon nanotubes with Au, Pt and Ag with refluxing. In their acid treatment, 
nanotubes were refluxed with concentrated nitric acid for 12 h and carboxylic groups 
and hydroxyl groups were attached to the nanotube surface, which could act as 
nucleation centers for metal ions. 
The surface tension of liquid or metal limits the wetting, the nanotube surface 
needs to be modified to obtain a more controlled and specific nucleation of metals and 
metal compounds on the surface. The coating surface morphology is largely 
determined by the quality of the SWNTs surface modification. Oxidation is a widely 
used functionalization method for metal deposition. After modification by oxidation, 
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SWNTs are covered by carboxylic (-COOH), carbonyl (-CO) and hydroxyl (-COH) 
groups [32]. 
Ang et al. [33] reported decorating copper and nickel on multi-walled nanotubes 
by using electroless plating. They activated the relatively inert surface of oxidized 
carbon nanotubes via a two-step sensitization-activation method. These activated 
tubes then served as catalytic substrates for the electroless plating of copper or nickel. 
The rate of metal deposition upon the catalytic nanotube surface is much faster than 
that in solution, which enhances metal deposition specifically on the tubes and 
minimizes random deposition in solution. It has been demonstrated that the modified 
three-step electroless plating process is feasible to deposit metals on the surface 
modified carbon nanotubes. 
Single-walled nanotubes might be expected to have different wetting properties 
owing to their much smaller diameters (1.4-2.4 nm) and the resulting high curvature 
compared with multi-walled carbon nanotubes. Theoretical calculations for nanotube 
diameters around 1 nm indicate that HF and K (surface tension 7=117 mN/m) interact 
favorably while Al (y=860 mN/m) does not. Because of this nonwettability of SWNTs 
by most of metals, functionalization has attracted tremendous attention, and it has 
been demonstrated that functionalization successfully make the SWNTs wettable and 
effectively improve the dispersion. Hiura et al. [37] reported that the oxidation 
process covers the nanotube surface with carboxylic (-COOH), carbonyl (-CO) and 
hydroxylic (-COH) species in an approximate ratio of 4:2:1. It should be possible to 
use these functional groups as initiation points for chemical reactions. 
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In this study, we chose to investigate the nucleation of metallic compounds on the 
surface of the SWNTs and observe it by TEM. It is true that most of the single walled 
nanotubes are in bundles and therefore the wetting of isolated nanotubes might be 
different. Many researches have been investigating on the manipulation of surface 
properties of SWNTs by using different methods such as functionalizaion and 
polymer wrapping in order to achieve better SWNTs dispersion. The functionalization 
approaches have been extensively studied and are used to attach the chemical group 
onto the sidewall or end of the SWNTs in order to achieve better dispersion and 
eventually incorporate the SWNTs into different composite matrices. In this research, 
the fluorination and carboxylic functionalization method are used on the SWNTs to 
modify their surface condition. Nickel, copper and silver were deposited on the 
SWNTs by a three steps electroless plating followed by the functionalization. 
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2.3 Introduction to the Electroless Plating 
Electroless plating is characterized by the selective reduction of metal ions only 
at the surface of a catalytic substrate. The substrate is immersed in an aqueous 
solution of metal ions, with continued deposition onto the substrate through the 
catalytic action of the deposit itself. Since Waltz [38] observed nickel cations 
reduction by hypdphosphite anions in 1844, electroless plating has attracted 
tramendous interest. Due to the poor quality of the reducing agents that leads to rough 
deposits with inferior properties, Waltz's idea was not developed for a whole century. 
In 1944, the first laboratory experiment reported on electroless nickel plating was 
completed by Brenner and Riddel, who were later given credit for introducing the 
electroless nickel plating method to the world [39]. However, these baths decomposed 
spontaneously and formed deposits on any surface that was in contact with the 
solution, even the walls of the container. Over the years, the process has been 
investigated further and expanded by many workers. Currently, electroless plating can 
be applied to various substrate surface in spite of electrical conductor or electrical 
insulator. More importantly, metal atoms can be controled to deposite on the only 
activated substrate sites. In this case, SWNTs act as the substrate on which metal will 
be deposited. The activated locations on the sidewall of SWNTs have to be exposed to 
the nickel coating solution in order for nickel ions to be reduced and attach at these 
locations. Experimental work shows that SWNTs are expected to be wet by low 
surface tension liquids such as organic solvents and water. However, it is difficult for 
solvents to penetrate the SWNTs network caused by van der Waals force. Surface 
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modifications such as functionalization together with sonication are able to loosen the 
entangled structure. 
The surface condition of the substrate affects the coating continuity and the metal 
deposition rate as well as the bonding force between coating and substrate. The 
chemical and physical properties (such as hardness, porosity and antioxidation) of an 
electroless metal coating depend on the composition and operating conditions (such as 
pH, temperature etc.) of the electroless plating bath. The electroless nickle (EN) 
plating is the most widely used electroless coating in the world. 
Hypophosphite baths are the most common types of commercially used EN baths. 
The mechanism of the electroless Ni deposition taking place in the hypophosphite 
bath is not well understood, but it has been postulated that it occurs in microcells of 
alternating anodic/cathodic polarity on the surface of the substrate. 
In addition to a source of nickel (nickel chloride or nickel sulfide) and a reducing 
agent (sodium hypophosphite), many other components are required for the occurence 
of deposition in the EN bath. A list of the components used in the EN technique is 
shown in Table 2.3.1. 
Table 2.3.1 The list of electroless nickel plating bath components. 
Function 
A source of nickel ions 
A reducing agent 




The Nickel Source 
Nickel sulfate and nickel chloride are the common nickel sources used in 
electroless nickel plating. According to the most industrial application, the nickel 
concentration in EN solutions affects the plating rate and the availability of the nickel 
ions during the plating process. 
Reducing Agents 
Four reducing agents are used in the chemical reduction of nickel from aqueous 
solutions: 
• Sodium hypophosphite 
• Sodium borohydride 
• Dimethylamine borane 
• Hydrazine 
The four reducing agents are structurally similar in that each contains two or more 
reactive hydrogens, and nickel reduction results from the catalytic dehydrogenation of 
one of these reducing agent. An understanding of the reaction mechanisms that 
govern electroless nickel deposition is necessary to get a desired coating morphology 
and properties on SWNTs . 
An alkaline hypophosphite solution was used exclusively to produce low-
phosphorus deposits [40]. Nickel deposition is accompanied by the production of 
hydrogen ions (H+), hydrogen gas (H2) evolution, and the oxidation of hypophosphite 
to phosphite. 
19 
Nickel deposition by hypophosphite was sometimes represented in the literature by 
the following equations: 
Ni+2 + H2P02 + H20 -> Ni° + H2PO; + 2H+ „,. 
H2P02 +H20-> H2PO; + H2 [2] 
Overall 
Ni+1 +2H2PO; + 2H20^ Ni° + 2H2PO~+2H+ +H2 [3] 
Eqs. 1, 2 and 3 completely fail to account for the phosphorus component of the alloy. 
To account for the phosphorus in the deposit, the following proposed mechanisms 
involve a secondary reaction of hypophosphite to elemental phosphorus. 
It is observed that the reduction reaction begins spontaneously on almost all 
Group VIII metals (Fe, Co, Ni, Rh, Pd, Pt) in active form. The active metals of Group 
VIII are well known as hydrogenation-dehydrogenation catalysts. 
A surface reaction, such as electroless nickel deposition, can be divided into the 
following elementary steps: 
1. Diffusion of reactants (Ni+2, Hrpoi ) to the surface; 
2. Adsorption of reactants onto the surface; 
3. Chemical reaction on the surface; 
4. Desorption of Products (H2PO^, H2H+) from the surface; 
5. Diffusion of products away from the surface. 
These are consecutive steps, and if any one step has a much slower rate constant than 
all the others, it will become the rate determining step. 
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The first electroless nickel reaction mechanism proposed was advanced by 
Brenner and Riddell. They postulated that the actual nickel reductant is atomic 
hydrogen, which acts by heterogeneous catalysis at the catalytic nickel surface. The 
atomic hydrogen, generated by the reaction of water with hypophosphite, is adsorbed 
at the catalytic surface: 
H2PO-2+H20-^H2PO-+2Had [ 4 ] 
The adsorbed atomic hydrogen reduces nickel ions at the catalytic surface: 
Ni+1 + 2Had -> (M+2 + 2H+ + 2e) -> Ni° + 2H+ ,•„ 
The evolution of hydrogen gas, which always accompanies catalytic nickel reduction, 
was ascribed to the recombination of two atomic hydrogen atoms: 
2Had->(H + H)-+H2 * [ 6 ] 
The other mechanism is the so-called electrochemical mechanism, originally proposed 
by Brenner and Riddell, and later modified by others. This theory can be represented 
as follows: 
An anodic reaction where electrons are formed by the reaction between water and 
hypophosphite: 
H2P02 + H20 -> H2PO; + 2 /T + 2e' E o = 0 5 Q V „-, 
Cathodic reactions utilize the electrons generated in Equation 7: 
M+2 + 2e->M°5 E°=_0 -25v [8] 
2H+ + 2e-*H2^ E o = 0 o o o v [9] 
H2P02-+2H++e->P + 2H20Jio=05()Y [ 1 0 ] 
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According to this mechanism, the evolution of hydrogen gas that takes place during 
nickel deposition is a result of the secondary reaction represented in Equation 9. The 
electrochemical mechanism implies that the nickel ion concentration should have a 
significant effect on the rate of deposition. 
Complexing Agents 
The additives referred to as complexing agents in electroless nickel plating 
solutions are organic acids or their salts. 
There are three principal functions that complexing agents perform in the EN 
plating bath: 
• They exert a buffering action that prevents the pH of the solution from decreasing 
too fast. 
• They prevent the precipitation of nickel salts. 
• They reduce the concentration of free nickel ions. 
In addition to these functions, complexing agents also affect the deposition 
reaction and hence the resultant nickel deposit. 
Stabilizers 
An electroless nickel plating solution can be operated under normal operating 
conditions over extended periods without adding stabilizers. However, the solution 
may decompose spontaneously at any time. Bath decomposition is usually preceded 
by an increase in the volume of hydrogen gas evolved and the appearance of a finely-
divided black precipitate throughout the bulk of the solution. This precipitate consists 
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of nickel particles. Fortunately, chemical agents called stabilizers are available to 
prevent the homogeneous reaction that triggers the subsequent random decomposition 
of the entire plating bath. The most effective stabilizers can be divided into the 
following classes: 
1) Compounds of Group VI elements: S, Se, Te 
2) Compounds containing oxygen: As°2 ,IOi ' M o ° 4 
3) Heavy metal cations: Sn+2'Pb+2' HS*»sb+i 
4) Unsaturated organic acids: Maleic, itaconic. 
The stabilizer concentration in the plating bath can be very critical. The concentration 
of the stabilizer depends most importantly on its structural class. The activity of the 
catalytic substrate is altered appreciably by extremely minute concentrations of 
stabilizers. Air agitation of electroless nickel solution has been demonstrated to 
significantly enhance the stability of the plating bath. 
Energy 
Electroless nickel plating is a catalytic reaction which requires energy in order to 
proceed. Temperature is a measure of the heat energy content in a plating solution. 
When operating an electroless nickel plating bath, it is necessarey to know which 
conditions yield deposits with the desired properties. In order to carefully decorate a 
thin layer of the metal on sidewall of SWNTs, it is necessary to minimize the energy 
and properly use the complexing agent to control the reduction. 
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The majority of EN coatings are deposited by catalytic reduction of nickel ions 
with sodium hypophosphite. From published tables of standard electrode potentials, 
the hypophosphite ion has a redox potential of -0.5V. theoretically, it is strong 
reducing potential to nickel ions under standard conditions. At normal bath conditions, 
there is no reduction of nickel ions by hypophosphite despite the significant 
thermodynamic driving force derivable from the standard electrode potentials. This is 
due to the fact that hypophosphite ions possess a remarkable inertia towards 
electrochemical oxidation in aqueous solutions. However, on specific surfaces that act 
as catalysts, nickel ions are reduced by hypophosphite, and this is the basis for the 
high throwing power of the EN process. Initiation of deposition occurs readily with 
metals such as iron, nickel, and cobalt. Once the initial nickel layer has deposited on 
the catalytic substrate, it acts as a catalyst for the process and the deposition continues 
to propagate unaided. This is referred to as autocatalysis of the deposition reaction. 
Some catalysts such as Pd are required to be pre-deposited on the inert surface 
such as the SWNTs side walls. A Sn sensitization and Pd activation is the regular way 
to activate the inert surface. The mechanism of sensitization and activation is well-
established, involving the concept of an equilibrium shift towards formation of 
complex palladium anions and predominance of the number of palladium ions over tin 
ions on the surfaces. The inert surface was sensitized by adsorbing tin ions on the 




In practice, the stoichiometric values are different than what is shown in the 
aforementioned reactions. This is due to the complexity of the simultaneous reactions 
occurring during the EN coating. Usually, 10 kg of sodium hypophosphite are 
required to reduce 2 kg of nickel for an average efficiency of 37%. 
Effective Parameters 
There are numerous parameters affecting the EN process. The following function, 
suggested by Riedel [40], describes the deposition rate as a function of effective 
parameters of the EN method: 
D = F(T, pH, C N,2+, Red, C
 Red, O/V, n ,, ) (2.11) 
where: 
D= Deposition rate 
T= Temperature 
pH= solution pH 
CNJ2+ = Concentration of nickel in the solution 
Red= Type of the reducing agent 
CRed = Concentration of reducing agent 
0/V= Bath load 
n i = Agitation factor 
25 
Effect of Temperature 
Temperature is the most important parameter affecting the EN deposition rate. 
Most of the reactions involved in the deposition process are endothermic. As a result, 
by increasing the temperature the deposition rate increases. Most of the acidic baths 
are operated at 80-90°C while the alkaline baths can be operated at lower 
temperatures. This is why alkaline baths are used for coating plastic substrates. 
Effect of pH 
Many of the reactions involved in the EN process are sensitive to changes in the 
pH of the solution. By increasing the pH, the nickel-reduction reaction is accelerated. 
On the contrary, by increasing the pH of the solution, the phosphorus reduction is 
retarded. This is due to the production of hydroxide ions as a result of the phosphorus 
reduction reaction. Therefore, increasing the pH of the solution decreases the 
phosphorus content of the coating. Also, since the nickel reduction reaction 
predominantly controls the deposition rate, increasing the pH of the solution increases 
the deposition rate. Raising the bath pH has the following effects [40]: 
1. Increase the deposition rate in an almost linear manner. 
2. Modification of the hypophosphite reaction from catalytic to homogeneous. A 
consequence of this can be spontaneous decomposition of the solution with nickel 
deposition. 
4.Reduces the phosphorus content of the deposit. 
Lowering the pH has the following effect [40]: 
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1. Prevents deposition of basic salt and hydroxides. 
2. Lowers the reducing power of the hypophosphite. 
3. Makes buffering action of species in the bath more effective. 
At a pH below 4, the deposition occurs at a retarded rate causing a defeated deposition. 
Effect of Bath Composition 
The Ni concentration as well as the Ni++/H2P02 ratio are two important 
parameters affecting deposition rate. According to the result of the study done by 
Riedel[42]: 
a) The concentration of hypophosphite should lie between 0.15 and 0.35 mol/1, and 
b) The optimum Ni^/f^PO^ ratio should be maintained between 0.25 and 0.6, 
preferably between 0.3 to 0.45. As the following reaction shows, each mole of Ni ion 
consumes 3 moles of hypophosphite. 
3NaH2P02 + 3H20 + NiS04^3NaH2P03 + H2S04 + 2H2 + Ni° 
Therefore, the ideal ratio would be 0.33, which is not very far from the measured 
value of 0.3 to 0.45. 
If the Ni++/H2P02^ ratio is too low, the lack of Ni ions in the solution causes a 
brownish coating on the specimen. Also, the lower the value of the Ni++/H2P02_ ratio, 
the higher is the concentration of the hypophosphite ions and the danger of solution 
decomposition increases. On the other hand, if the Ni++/H2P02 ratio is high, the 
phosphorus content of the deposition decreases. Also, the coating deposition rate 
would become slow. 
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2.4 Introduction to Electrical Nano Composite Plating 
Electrocodeposition is one important technique for producing composites coating 
of metallic and non-metallic reinforcement. Electrical nano composite plating refers 
to electrolysis, in which nanoparticulates are suspended in the electrolyte and are 
subsequently embedded in an electro-formed solid phase. The particle deposition rate 
is affected by several interrelated parameters: the electrolyte concentration of the 
metal ions and particles, pH, current density, agitation, organic additives used to 
promote suspension, and particle size. The solid particles may be carbides [43-46], 
oxides [47], and diamonds [48,49]. Recently, carbon nanotubes have attracted 
tremendous interest in developing composite coating. Several reports have 
documented the wide variety of metal-matrix-particle-systems exhibiting enhanced 
wear resistance and micro-hardness. 
The prediction model could be divided into two groups: predicting co-deposition 
of large particles and predicting co-deposition of small particles. When particle size is 
small, of the order of submicrons, Brownian motion is considered in the solution. For 
both cases, the kinetics controlling particle incorporation requires that the particles 
reside at the electrode surface before being engulfed by deposited metal atoms. 
Guglielmi [51] was the first to propose an adsorption mechanism, which holds the 
particle at the electrode surface so that it is engulfed in the depositing metal. The 
adsorption was due to a loose and strong adsorption at the electrode surface. Only the 
second step (strong adsorption) was considered to be effective. This mechanism 
supported experimental results showing that the particle concentration in the deposit 
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increased with an increase in particles in the electrolyte and applied current density. 
These have been verified for micron and submicron particles of SiC and TiCh with 
nickel deposition. 
Celis et al. [52] have modified the model with the important effect of 
hydrodynamics. They assumed that an adsorbed layer of ionic species occurs around 
the inert particles and that the reduction of these ionic species at the electrode surface 
is a requirement for particle incorporation. The particle travels from the bulk solution 
to the electrode surface with the adsorbed ions through convective-diffusion transport. 
The particle-ion complex then adsorbs onto the electrode surface, ions are reduced, 
and the particle is embedded into the electrodeposited metal. Stabilizer or surfactant is 
an important composition which prevents the agglomeration of the particles in the 
electrolytes. 
Examples of metal matrix composite coatings, with various dispersed phases are 
fabricated by electrolytic co-deposition, are list in Table 2.5.1. 
Table 2.5.1 Examples of metal matrix composite coating with various dispersed 




Ni-PTFE, Ni-C, Ni-MoS2 
lead-tin-copper alloy- AI2O3 
Aluminum - silica (SiC>2) 
Applications 
Oxidation resistant nickel matrix 
composite 
Wear resistant nickel matrix composite 
Antifriction nickel matrix composites 
Anti-friction coating of engine bearings 
Anti-friction brake system 
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Hou et al. [53] investigated the wear resistance of Ni-SiC composites 
manufactured by electro-codeposition process, it is found that the wear resistance of 
the deposit layer increases with increasing SiC content in the deposit layer. The 
surfactant plays an important role in the dispersion of SiC particles which helps to 
improve the coating properties. 
Chen et al. [54] studied the nickel composites containing multi-walled carbon 
nanotubes prepared by codepositing method. The friction and wear behavior of Ni-
MWCNT composite coatings were studied. The microhardness of the composite 
coatings increases by increasing the volume fraction of MWCNTs to 11.2 vol%. The 
wear rate of the composite coatings showed a steadily decreasing trend with 
increasing volume fraction of MWCNTs. However, increasing of volume fraction of 
MWCNTs higher than 11.2% resulted in an increase in wear rate, which is attributed 
to the agglomeration of MWCNTs in the matrix decreasing the reinforcement of 
MWCNTs. 
The successful results achieved in various composite coating systems, 
especially with the study of MWCNT reinforced composite coating. SWCNTs will be 
a better potential reinforcement for the composite coating. But the dispersion is a 
critical issue that needs to be tackled. A detailed metal/SWCNTs co-deposition 
mechanism is still an unknown area that needs to be investigated in order to fully use 
this composite coating system. The effects of different factors such as pH, 
temperature and SWCNTs concentration in electrolyte also need to be studied. 
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2.5 Nanotubes for Composite Systems 
Carbon nanotubes (CNTs), whether single-or multi-walled (SWCNT or MWCNT, 
respectively), have grabbed the attention of researchers. The vast potential for 
combining mechanical, eletrical, and thermal properties within one nanoscale additive 
opens new vistas for the composites field. Numerous efforts worldwide are addressing 
different functional composite materials, such as polymer composite materials with 
enhancement of mechanical properties [26-29, 55]. Other forms of polymer composite 
materials show many orders of magnitude enhancement in electrical conductivity, 
resulting from very low addition of nanotubes. Nevertheless, many hurdles still need 
to be overcome regarding the realization of the theoretical potential fo CNTs. To 
unlock the potential of carbon nanotubes for application in nanocomposites, the 
modification of surface chemistry of CNTs and the modification of composite 
manufacturing methods need to be studied. In this section, an overview of the 
nanotube reinforced composites is presented. 
2.6.1 Nanotubes reinforced polymer composites 
SWCNT and MWCNT polymer composites concerning the mechanical 
performance are becoming increasingly attractive due to the unique properties. One 
significant challenge is to obtain uniform CNTs dispersion within the polymer matrix. 
Numerous efforts have been undertaken to address the issue of improving 
nanotube/polymer matrix bonding in the processing of the nanocomposite during 
processing. This is an effort to efficiently transfer the load from the polymer matrix to 
the nanotubes. 
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Salvetat et al. [56] studied the elastic and shear modulus of SWCNTs ropes and 
suggested that the slipping of nanotubes, in rope assemblies, significantly decreases 
the elastic properties. In addition to slipping of tubes not bonded to the composite 
matrix, the aggregation of nantube ropes effectively reduces the aspect ratio of the 
reinforcement. One of the most difficult problems in the polymer nanocomposites is 
the efficiency of load transfer through the interface between CNTs and matrix. 
Dispersed CNTs with a high aspect ratio provide large interfacial areas for load 
transfer. 
Qian et al. [57] characterized MWCNT-polystyrene composites. It is observed 
that fragmentation often occurs with MWCNTs in a polystyrene matrix, following 
tension tests, which implies a significant load transfer and interfacial shear strength. 
The dispersion of CNTs was enhanced by side wall functionalization. With the 
addition of 1 wt% (about 0.5 vol%), Qian achieved between 36-42% increase in the 
elastic stiffness and a 25% increase in the tensile strength. They demonstrate that to 
achieve the same increase in elastic modulus with lwt% of carbon nanotubes, 10 wt% 
of carbon fibers (about 5 vol%) would be required, as shown by Tibbetts and McHugh 
[58]. It shows that CNTs are a better reinforcement than normal carbon fibers. 
To take full advantage of the exceptional stiffness and strength of SWCNTs, 
strong interfacial bonding is a necessary. Zhu et al. [59] showed that the SWCNTs can 
be activated by functionalization. Considerable improvement in the dispersion of 
purified single-walled carbon nanotubes (SWCNTs) in an epoxy composite was 
obtained through functionalization of SWCNTs by using an optimized H2S(V70% 
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HNO3 acid treatment and subsequent fluorination. The mechanical properties of the 
epoxy composites containing lwt% nanotubes saw a 30% increase in the modulus and 
a 18% increase in the tensile strength. Other SWCNT reinforced polymer systems 
also suggested functionalization is an effective approach dispersing SWCNTs, and the 
right functionalization can form a chemical bonding between SWCNTs and polymer 
matrix. 
Many researchers have been using carbon fibers or CNTs to enhance the 
composite electrical properties. Polymers have very high electrical resistivities usually 
in the range of 1014 to 1018 Qcm; compared to 10"1 to 10"2 ficm for carbon black, 10"5 
ficm for high purity synthetic graphie, and 10"6 Qcm for metals such as aluminum and 
copper [60]. Dispersing small, conducting fillers with high aspect ratios into a 
polymer is known to increase the electrical conductivity of the composite as the 
volume fraction of the filler or the aspect ratio of the filler increases. The most 
common conductive fillers are metalic powders [61], nickel coated fibers [62,63], 
carbon black [62-64] and vapor-grown carbon fibers [65,66]. Carbon nanotubes are 
also being used as conductive fillers due to their unique electrical properties. Lu et al. 
[66] used Ni-coated carbon fiber as reinforcement of polymer composite to achieve 
the electrical conductivity and shielding effect. In their research, carbon fiber with a 
diameter of 7um was used to incorporate into the acrylonitrile-butadiene-styrene 
(ABS) resin, and a 0.2-0.5um coating was achieved on the carbon fiber surface before 
composite processing. It was observed that the shielding effectiveness of ABS resin 
filled with 10 vol% of Ni-coated carbon fibers is about 50 dB. The aspect ratio plays 
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an important role on the percolation threshold. Copper particles, with a conductivity 
of 1.7X10-6Qcm, were also incoporated into the polymer matrix to improve EMI 
property. It requires 15 wt% to reach percolation due to their low aspect ratio (close to 
1) [68]. On the other hand, SWCNTs ropes, with a resistivity of 1.2-1.7X10"3 ficm 
and an aspect ratio of -1000, may need only 2.5 to 3 wt% to achieve percolation 
[69,70]. Nickel coated SWCNTs were studied in this dissertation. The combination of 
metal and SWCNTs is expected to significantly improve the electrical conductivity 
and shielding effect of polymer composite. 
2.6.2 Nanotubes reinforced metal composites 
Compared with the CNTs reinfoced polymer composite, a very limited research 
has been done in the field of carbon nanotube reinforced metal matrix composites. 
The interfacial reaction between carbon nanotubes and the metal matrix may need to 
be considered because of the high temperature and highly reactive environments 
associated with many methods of forming metal matrices which will result in the 
deterioration of composite properties. The materials fabrication difficulties have 
limited research on nanotube-reinforced metal composites, as opposed to nanotube-
reinforced polymer composite. Several processing methods such as powder 
metallurgy and thermal spray have been used to fabricate metal matrices[71-77]. The 
high aspect ratio (> 1000) of the nanotubes can make it difficult to obtain a good 
mixture of the two phases prior to sintering or hot pressing. Some success has been 
achieved with conventional milling techniques, primarily with the use of low to 
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moderate nanotube volume fractions. In order to get uniform dispersion of SWCNTs 
in a matrix, Noguchi et al. [71] reported a nano-scale dispersion method in CNT/A1 
composites by introducing into an elastomer precursor. Cha et al. [78] found a 
molecular level mixing method in CNT/Cu composites by means of a salt containing 
Cu ions. Furthermore, Hu et al. [79] showed an in-situ reduction approach in CNT/Au 
nanoparticle composites materials. Conventional hot-pressing and hot extrusion 
methods have also been used to produce nanotube-reinforced composites. Dong et al. 
[80,81] reported an improvement on fracture toughness, wear resistance and hardness 
in MWCNTs/Cu composites frabricated by hot press sintering. Laha et al. [82] 
reported a 71.8% increase in the microhardness of MWCNTs/Al compsites produced 
by plasma spray forming with a 10wt% nanotubes was added to Al matrix. Tang et al. 
[83] observed a 65% decrease in coefficient of thermal expansion when 15 vol% 
carbon nanotubes were added to the nano-Al matrix. Moreover, other researches on 
carbon nanotube/metal matrix composites reported improvements in mechanical 
properties when appropriate carbon nanotubes content was added [84-86]. 
In conventional carbon fiber/Al composites, Al carbide (AI4C3) grows on the 
prism plane of the carbon fiber. The reaction is detrimental due to the fact that 
growing AI4C3 needles result in a drastic decrease in the composites strength [84-88]. 
Xu et al. [84] reported some Al-carbide phases in CNT/A1 composites fabricated by 
hot pressing technique. Zhang et al. [88] observed that carbon nanotubes reacted with 
Al matrix and formed AI4C3 phases in GNT/A1 composite when the composite was 
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held at 800 °C for lh. It was observed that the fabrication process plays an important 
role in the resulting carbide formation. 
Deng et al. [89] reported a processing approach to fabricate CNT/A1 composite. 
Here, a cold isostatic pressing followed by an extrusion technique was used too obtain 
a fully dense composite and avoid a carbide reaction between CNTs and Al. The Al 
powder and CNTs were mixed in ethanol. Eventually the composite billets were 
extruded into rods at 460°C. Experimental results showed that nanotubes are 
homogeneously distributed in the composites. Some AI4C3 phases exist when the 
temperature is above 656.3°C. The tensile strength and Young's modulus reaches the 
maximum when carbon nanotubes content is 1.0 wt%. The maxima of tensile strength 
and Young's modulus of the composite is 521.7 MPa and 102.2 GPa, respectively. 
This phenomena can be due to the factors that the addition of uniformly distributed 
small amount of carbon nanotubes in the composites leads to dispersion strengthening, 
and fill up the voids resulting in an increase of the relative density of the composites. 
Meanwhile, the dispersed carbon nanotubes restrain the growth of Al grains during 
fabrication of the composites bringing on grain refinement strengthening. However, a 
higher quantity of carbon nanotubes impede the densification process resulting in the 
decrease of the relative density of composites, moreover, the bonding between carbon 
nanotubes in the conglomeration is very weak, which leads to a deterioration in 
mechanical properties. 
Laha et al. [82] report Al-based nanostructured composites, with carbon 
nanotubes as second phase particles, synthesized by a plasma spray forming technique. 
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The XRD spectrum does not exhibit any carbide peak, which shows a certain extent 
of chemical stability of carbon nanotubes in Al matrix. Kuzumaki et al. [94] 
characterized the processing and the properties of a carbon nanotube reinforced Al-
based composite, prepared by hot-pressing followed by hot-extrusion. This work 
shows that thermal and chemical stability of CNTs in the Al matrix is related to the 
difference of composite processing. The hardness testing shows that the hardness of 
the spray formed composite (146+10VHN) is higher than that of base metal 6061 Al 
(85±10VHN) due to the dispersion strengthening by intact carbon nanotubes and the 
nanocrystalline structure formed by nanotube grain limitation. Pressureless infiltration 
process was reported to fabricate the aluminum composite reinforced with CNTs [36]. 
Al has been infiltrated into CNTs-Mg-Al preform by pressureless infiltration. This 
approach showed that CNTs are well dispersed and embedded uniformly in the Al 
matrix composites. The hardnesses of the composites increase with increased volume 
fraction of CNTs. The wear rate of the composite decreased with the increase of CNT 
content in the composite. 
Chen et al. [95] fabricated CNT-Ni/P materials by codepositing carbon nanotubes 
suspended in an electrolyte with growing nickel during electrodeposition. The 
composites were tested under lubricated wear conditions. A decrease in the friction 
coefficient and wear rate were measured, relative to similar materials with SiC or 
graphite additions. The potential for CNT-enhanced lubricity and/or the potential 
enhancement of hardness or damage tolerance make these types of systems attractive 
for further investigation. 
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Various composite manufacturing approaches have been used to produce 
CNTs reinforced metal matrix composites. It has been realized that the final 
properties of composites are significantly affected by the factors of manufacturing 
method such as sintering temperature, dispersibility of CNTs in the matrix and 
consolidation of the whole composite materials. Traditional cold pressing followed by 
medium temperature sintering is expected to produce the metal composite without 
SWCNTs degradation. Electroless metal deposition on SWCNTs is investigated and 
the detail is described in the following chapters. Two metal matrix (Cu and Al) were 
reinforced by coated SWCNTs and their mechanical properties were tested. 
38 
2.6 New Approach to Manufacturing SWCNT Reinforced Composite Systems 
Various approaches of manufacturing carbon nanotubes reinforced metal 
composites were used in order to improve the mechanical properties of the composites. 
It was demonstrated that choosing a right manufacturing method and obtaining 
uniform nanotube dispersion within the composite matrix are critical issues. 
Conventional liquid state processing such as pressure infiltration, liquid infiltration do 
not apply to SWCNTs reinforcement before of the high temperature instability of 
SWCNTs and poor wetting caused by strong entanglement. Solid state processing is 
considered in this SWCNT reinforced metal matrix composite research. Powder 
metallurgy (PM) is a simple and economical way to make a bulk SWCNT-metal 
composite. 
It has been shown that functionalization is a promising approach in SWCNT 
solvent dispersion. The solvent was evaporated when the SWCNTs dispersed inside 
polymer matrix and eventually enhance the composite properties. The 
functionalization has been shown to create some defects along the sidewall of 
SWCNTs which help the following metal deposition. The electroless metal deposition 
onto SWCNTs has been extensively investigated in this dissertation in order to 
incoporate the SWCNTs into metal matrix with stong bonding. The electroless metal 
coating will stabilize the SWCNT dispersion obtained through wet method. 
In the research, the metal coated SWCNTs were introduced in solution first, and 
then, formed a slurry with the metal powder in the milling process (wet method). It is 
expected that wet methods can improve the SWCNT dispersion because SWCNTs in 
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solution are in molecular form and not in agglomerates. After the milling process, 
well-mixed metal coated SWCNTs and metal powders were introduced into PM 
process. 
The research flow chart is shown in Figure 2.6.1. As received, purified and 
functionalized SWCNTs were used in the metal deposition study. The best candidate 
was selected for the PM processing to make preform bulk materials. The preform will 
go through a sintering process in order to solidify the composite material. An 
electromagnetic force will be applied to further homogenize the SWCNTs inside the 
metal matrix. 
The selected metal deposition method is applied to the polymer composite after 
being proven to effectively enhance the mechnical properties of metal composite. The 
metal coated SWCNTs reinforced polymer composite is expected to enhance 
electrical properties. 
During the ph.D. period, I have being collaborated with other group members in 
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Figure 2.6.1 The research flow chart. The functionalized SWCNTs were selected to 
be coated with various metals. Polymer and metal composite have been reinforced by 
metal coated SWCNTs in order to realize the electrical and mechanical properties. 
Figure 2.6.2. The research collaboration chart including metal coating on SWCNTs, 
metal-SWCNT composite, composite coating, metal coated SWCNTs polymer 
composite and Co-SWCNT composite projects. 
41 
CHAPTER THREE 
PURIFICATION AND FUNCTIONALIZATION OF SWCNTs 
3.1 Purification of SWCNTs 
The high pressure CO process (HiPco) (Lot # P0289) has been reported to 
produce high purity nanotubes [96]. But there is still more than 10 wt% of iron 
catalyst and non-SWCNTs carbon mixed with SWCNTs, which will significantly 
affect the dispersion. Most importantly, those non-SWCNTs carbons potentially react 
with metal to form brittle carbide phase. Those impurities need to be reduced to a 
lower level before incorporating SWCNTs into metal matrix. 
Materials 
The as-received SWCNTs used in this research were supplied by Carbon 
Nanotechnology, Inc. SWCNTs were produced by a high-pressure Process (HiPco) 
and fabricated into millimeter-sized BuckyPearl pellets [96]. Characterization of these 
as received SWCNTs was conducted using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), Raman spectroscopy and 
thermogravimetric Analysis (TGA). 
TGA was used to track weight loss with increasing temperature of the sample 
placed on a sensitive microbalance located inside a furnace where gases are allowed 
to flow. For the results shown, the furnace was programmed to heat to 80°C at a rate 
of 10°C/min in an air environment, held for 30min then ramped to 900 °C at 
10°C/min. The result shows that this commercial material contains about 19 wt% Fe 
catalyst (Figure 3.1.1). 
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Figure 3.1.1 TGA (in air) plot of as-received SWCNTs (Lot#p0289) with around 19 
wt% Fe catalyst. 
The SWCNTs were imaged in an Environmental Scanning Electron 
Microscope (FEI ElectroScan, XL 30 ESEM-FEG) in High Vacuum mode using an 
acceleration 
Figure 3.1.2 SEM image of as received SWCNTs with significant amount of non-
SWCNTs carbon and other impurities. 
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voltage of 30 kV. Figure 3.1.2 presents SEM image of an as-received SWCNTs. The 
raw soot contains bundles of nanotubes, but also a significant amount of amorphous 
non-SWCNTs carbons and other impurities. 
The TEM image of as-received SWCNTs was characterized in a JEOL 2010 
Transmission Electron Microscope (TEM). Amorphous carbon and metal particles 
were observed in the TEM image (Figure 3.1.3). 
Figure 3.1.3 Transmission Electron Microscope image of as-received SWCNTs film. 
Further purification 
The pelletized SWCNTs were grounded in a crucible to break down the big 
pellets. Then the purification method developed by Xu [96] was applied. The 
SWCNTs were placed in a quartz reactor. Metal catalysts coated by non-nanotube 
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carbon are oxidized by O2. Exposed metal oxides are deactivated by conversion to 
metal fluorides through reacting with C2H2F4 to avoid the catalytic effect of iron 
oxide on SWCNT oxidation. Finally the exposed metal was removed by 6M HC1 
fluxing for 24hrs. The purified SWCNTs were washed by dionized water followed by 
filtering through a PTFE filter membrane and washing with methanol to remove 
solution and were dried in a vacuum at 50°C for another 24hrs. It was characterized 
by TGA (Figure 3.1.4), SEM (Figure 3.1.5) and TEM (Figure 3.1.6). The TEM image 
shows that the most of amorphous carbon and metal catalysts were cleaned out 
compared with the as-received SWCNTs. TGA data shows the rest of the metal 
catalysts are around 0.7 wt%. 
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Figure 3.1.4 Thermogravimetric analysis, in air, of the purified SWCNTs with 0.745 
wt% Fe impuity. 
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Figure 3.1.5 SEM image of as-received SWCNTs after 400 °C oxidization. 
Figure 3.1.6 TEM image of purified SWCNTs after oxidization and acid wash. 
A Renishaw MicroRaman Spectrometer using the 780nm diode laser with a 1200 
1/m grating and 10 second exposure with a 50X objective was used to generate the 
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spectrum shown in Figure 3.1.7. The figure depicts the characteristic features 
expected for a spectrum of a film of purified SWCNTs. The D peak is a characteristic 
defect-induced peak, it indicates the extent of the defect on the SWCNTs. The 
intensity and shape of which is also need to be monitored in order to determine 
successful functionalization along the length of the nanotube. The G peak is a 
graphite-related optical mode related to the sp2 carbons present in the nanotube 
structure. It typically appears around 1592 cm"1 for HiPco tubes. The radial breathing 
mode (RBM) identified in Figure 3.1.3a is characteristic of the in phase radial 
displacement of the single-walled nanotube after excitation by the 780 diode laser. 
The RBM can be used to identify the chirality (n,m indices) of the nanotubes present 
in the sample. The D to G ratio is ah important parameter to determine the SWCNTs 
surface functionalization. When SWCNTs surface functionalized, the carbon bonds 
change from sp to sp , causing the G peak decrease. However, D peak increases due 
to the more defect sites were created by functionalization. 
RBM 
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Figure 3.1.7 Raman spectrum of a SWCNTs film (Lot #P0289); the G(sp2), D(defect) 
and RMB (Radial breathing mode) peaks were labeled. 
3.2 Functionalization of SWCNTs 
In this study, fluorination and other acid treated funcitionalization methods were 
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3.2 FunctionalizationofSWCNTs 
In this study, fluorination and other acid treated funcitionalization methods were 
applied onto the sidewall of purified SWCNTs to try to better understand the effect of 
different functionalization methods on tube metal decoration. The SWCNTs surface 
chemistry and SWCNTs dispersion condition are two critical factors affecting metal 
coating properties. Two surface modification functionalizations with different 
solubility in water solution, fluorination and carboxylic group functionalization, were 
used to compare the effect on metal deposition. 
3.2.1 Fluorination 
Purified HiPco SWCNTs were fluorinated by using a procedure developed by 
Mickelson et al [97]. The fluorination was carried out in a Monel reactor heated to 
160°C for 12 h with the condition for obtaining stoichiometry of C4F without 
destruction of the tubelike structure. Helium gas was purged into the furnace with 
hydrogen and fluorine gas at the flow rate ratio He:F2:H2=20:3:lml/min respectively. 
Raman spectroscopy and SEM were used to analyze the fluorinated SWCNTs 
samples. 
Fig 3.2.1 shows the SEM image of fluorine side-wall treated SWCNTs. In order 
to reduce the chance to damage SWCNTs, partly fluorinalization (C4F) was carried in 
our experiment. It was demonstrated that fluorination method was applied to improve 
the dispersion of SWCNTs. Raman spectra of fluorinated SWCNTs are shown in Fig 
3.1.6 b. It shows two peaks centered around 1340 and 1580cm"1 and a broadband 
fluorescence. The Raman peaks correspond to sp (G peak) and sp (D peak) carbon 
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stretching modes, respectively. The ratio of D-peak to G-peak increases after the 
fluorination. 
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3.2.2 Acid treatment of SWCNTs 
In order to sidewall functionalize SWCNTs with carboxylic, carbonyl and 
hydroxl group, SWCNTs were immersed in 500 mL of concentrated 3:1 
H2SO4/70%HNO3 in 1 g quantity. The solution was sonicated for about twenty 
minutes at room temperature. Timing is an issue in order to keep the tubes full length 
with fewer surface defects [58]. Figure 3.2.3 illustrates the chemical reaction of the 
acid functionalization process. 
SWCN 
H2SO4/HNO 









Figure 3.2.3 Scheme of SWCNTs acid treatment reaction. 
The SEM image of acid treated SWCNTs were shown in Figure 3.2.4. ATR-
FTIR was used to characterize the fluorinated and carboxylic functionalized SWCNTs 
and shown in Figure 3.2.5. 
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Figure 3.2.4 SEM image of carboxylic functionalized SWCNTs. 
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Figure 3.2.5 ATR-IR spectra of functionalized SWCNTs: (a) F-SWCNTs, (b) acid 
treated SWCNTs. 
3.3 Discussion 
The purification method effectively removes the non-SWCNTs carbons and 
metal impurities. The TGA analysis shows the impurities weight content reduced 
from 18.6 wt% to 0.75 wt%. The SEM and TEM analysis demonstrated that the 
amorphous carbon and metal impurities were cleaned from the SWCNTs. 
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Two functionalization methods were carried out. The purified and fluorinated 
SWCNTs were characterized by Raman spectroscopy. The D to G ratio is around 0.05 
which shows the SWCNTs are almost perfect in purified stage. After fluorination, 
there is a small G peak left and D peak increased relative to G peak. This ratio 
increase demonstrated that more defect points were created. The SEM of fluorinated 
SWCNTs film shows a loosed structure of SWCNTs. The broad band of the C-F 
stretch appears in the 1220-1250 cm"1 region of the FT-IR spectra (Figure 3.2.5 a) 
after fluorination of the purified SWCNT. The characteristic band confirms that 
fluorine atoms were attached on the sidewall of SWCNTs. The efficiency of 
functionalization through the acid treatment was confirmed by ATR-FTIR. The 
presence of characteristic bands of the C=0 bonds due to the formation of COOH 
groups along the sidewall and end tips of the SWCNTs after acid treatment is evident 
in the IR spectrum shown in Figure 3.2.5 b. Both of the functionalization method 
created more nucleation sites for following metal deposition. 
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CHAPTER FOUR 
COATING SWCNTs WITH METAL 
4.1 Nickel Coating 
4.1.1 Vapor Grown Carbon Fiber as a Precursor 
Vapor grown carbon fiber (VGCF) was used as a precursor of Ni electroless 
coating. VGCFs were provided by Applied Sciences. They are produced by a catalytic 
process of hydrocarbons in the vapor state. VGCFs have circular cross sections (with 
diameters varying from 20 to 200 nm) and central hollow cores commonly called 
filaments. The VGCFs graphitic networks are arranged in concentric cylinders of 
annular carbon layers that have an intrinsic structure formed by a tree-ring 
configuration. 
To use the VGCFs, purification process was needed to remove those unwanted 
impurities, providing opening of the highly tangled nests of nanofibers without 
shortening the fibers. A purification process developed by Lozano et al. [25] was 
conducted. It consists of the refiuxing of the fibers in dichlormethane for 5 days at a 
temperature of 35 °C, followed by several deionized water washings and refiuxing for 
24 hours at 90 °C and dried in air at 120 °C for 48 hrs. The SEM of purified VGCFs is 
shown in Figure 4.1.1. 
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Figure 4.1.1 Scanning Electron Microscopy (SEM) image of purified Vapor 
Grown Carbon Fibers (VGCFs). 
The electroless plating procedure is shown in Figure 4.1.4. Preactivation of 
VGCFs was accomplished by ultrasonically dispersing the VGCFs in a sensitization 
solution (0.1M SnCl2/0.1MHCl) and sonicated for 30min. the Sn2+-sensitized 
SWCNTs were further stirred in an activating solution of 0.0014M PdCl2/0.25M HC1 
for another 30minutes. The activated F-SWCNTs were washed with deionized water 
and then introduced into an electroless plating bath. The composition of the plating 
solution and the reaction conditions are given in Table 4.1.1. After 20 min reaction, 
Table 4.1.1 Composition and operating conditions of electroless nickel coating bath. 






Pb(N03)2 7.5* 10"3 
pH (adjusted by NH4OH) 8.75 
Bath temperature 25°C 
Reaction for various time with agitation 
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the VGCFs were coated by a thick nickel layer as shown in Figure 4.1.2. 
Figure 4.1.2 Scanning Eletron Microscopy image of nickel coated Vapor grown 
carbon fibers. 
The same method was attempted on the purified SWCNTs, it turns out that 
nickel were barely coated on the SWCNTs. Some nickel particles deposite randomly 
on the bundles of SWCNTs. The TEM analysis (Figure 4.1.3) shows that Sn 
sensitization and Pd activation do not take effect on the inert (non-functionalized) side 
wall of SWCNTs. SWCNTs are entangled in bundles. Plating solution could not 
penetrate the bundles therefore deposition does not take place. Two differents 
functionalization methods were applied to achieve better Ni deposition and the 
detailed study were described in the next section. 
4.1.2 Pretreatments and Electroless Plating of Functionalized SWCNTs with Nickel 
SWCNTs were fluorinated and acid treated (with -COOH) respectively. The 
fluorinated SWCNTs is hydrophobic and acid treated SWCNTs with carboxylic group 
is hydrophilic. The fluorinated SWCNTs was sonicated for 10 min in water (sampe #1) 
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and isopropanol (sampe #2), respectively. The acid treated SWCNTs was dispersed in 
water (sample#3). These three samples were prepared for plating process. The 
Figure 4.1.3 Nickel deposited inert SWCNTs, it shows that the sensitization and 
activation does not take place along the side wall of SWCNTs. 
fluorinated SWCNTs were first ultrasonicated in 2-propanol for lOmin to be pre-
disbundled. Well-isolated fluorinated SWCNTs were separated from solution by 
centrifugation but remain wet for later coating in order to keep SWCNTs in dispersed 
status. 
The same coating procedures were carried for fluorinated and acid treated 
SWCNTs. The electroless plating procedure is shown schematically in Figure 4.1.4. 
The procedure of electroless plating can be divided into three steps: sensitization, 
activation and plating. Those dispersed SWCNTs were immerged in a sensitization 
solution (0.1M SnCl2/0.1MHCl) and sonicated for 30min. The Sn2+-sensitized 
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SWCNTs were further stirred in an activating solution of 0.001M PdCl2/0.25M HC1 
for another 30 minutes. The activated F-SWCNTs were washed with deionized water 
and introduced into an electroless plating bath. The composition of the plating 
solution and the reaction condition are given in Table 4.1. An electroless solution 
contains, besides a metal salt and reducing agent, other compounds such as a 
complexing agent (Na2C6Hs07-1.5H20, to maintain the level of metal ions in 
solution). There are, 
(a) + Sn 2 + 
(b) 
(c) 
+. Pd 2 + 
+ Ni 
> > Coa t ing 
Figure 4.1.4 Schmetic diagram of the electroless plating procedure used to deposit 
nickel on the outer surface of carbon nanotube. 
in addition, other additives (Pb(NC«3)2), at very low concentrations, to stabilize the 
solution or to improve the morphology of the metal coating. After 10 minutes plating, 
the plated SWCNTs were washed with distilled water then with methanol rinse. The 
morphology and size of the nickel-coated SWCNTs were analyzed by SEM and TEM. 
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The composition was analyzed by energy dispersive X-ray spectrum (EDX) and 
X-ray Photoelectron Spectroscopy (XPS). 
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4.1.3 Results and discussion 
Pretreatments and electroless plating of SWCNTs with nickel 
The SEM and TEM image of sensitized and activated fluorinated SWCNTs 
dispersed in water and 2-propanol respectively were shown in Figure 4.1.5. It shows 
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Isolated Pd particles were deposited on the side wall of fluorinated SWCNTs in 
both sample #1 and sample #2 conditions. It was observed from the TEM image that 
there are similar Pd deposition except some larger Pd particles deposited on the 
sample #2. This results shows that when the aqueous-aqueous-alcoholic solution is 
used as a solvent for tin chloride at the sensitization of fluorinated SWCNTs, at 
subsequent activation, the amount of adsorbed palladium ions increases in comparison 
with application of the aqueous solvent for tin chloride. This can be due to the fact 
that the dispersion of fluorinated SWCNTs in alcohol is better than in aqueous solvent. 
Therefore, more Sn and Pd were adsorpted on the SWCNTs. Figure 4.1.6 shows 
Figure 4.1.6 TEM image of a) Ni coated fluorinated SWCNTs sample #1. b) Ni 
coated fluorinated SWCNTs sample #2. 
sample #1 and sample #2 went through nickel plating for 10 mins, respectively. The 
sample #2 was decorated by a layer of isolated nickel particles coating which is more 
uniform than the nickel coating on the sample #1. It shows that the surface decoration 
with Pd enhances the nickel deposition. Figure 4.1.7 shows the nickel deposited 
sample #2. 
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Sample #3 is the SWCNTs functionalized with caboxylic group. They are 
soluable in aqueous solution. Figure 4.1.8 (a) shows that functionalized SWCNTs 
were decorated with dense Sn nano-particles and later reduce palladium ions to 
metallic palladium therefore a layer of dense and even distribution of activation agent 
(Pd) on the sensitizing layer. Those evenly distributed palladiums serve as nucleation 
point of nickel deposition as shown in SEM and TEM picture (4.1.8 b, c). Figure 4.1.4 
schematically shows the two-step sensitization-activation procedures. The mechanism 
can be briefly described as following; Sn2+ ions were first entrapped onto the surface 
of functionalized SWCNTs for a surface sensitization agent. Pd2+ ions were reduced 
to Pd by Sn2+ and sever as catalytic centers, which have been proved before. In the 
following Ni electroless plating step, the deposited Pd catalytic particles would reduce 
nickel ions to neutral nickel atoms and formed uniformly distributed nucleation 
centers of nickel islands. 
It was shown that the surface pre-treatment in the SnCk-HaO solution enhances 
the adsorption of Pd ions at subsequent activation. With the increase in the densty of 
Sn on the side wall, surface density of Pd atoms also increase. The mechanism of 
sensitization and activation was established, involving the concept of an equilibrium 
shift towards formation of complex palladium anions and predominance of the 
number of palladium ions over tin ions on the surface. It was established that the 
palladium ions are reduced by Sn(II) to Pd (0) as shown below: 
Sn (II)+Pd(II)=Sn (IV)+Pd 
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Figure 4.1.8 TEM images of a) Pd decorated acid treated SWCNTs. b) Nickel 
coated acid treated SWCNTs (10 mins reaction). C)SEM image of nickel coated acid 
treated SWCNTs (30 mins reaction). 
According to the usually accepted stoichiometry, 1 g-atom of Ni may be produced for 
each mole of H2 gas evolved. This reaction can be expressed as following: 
2H2P02 + 2H20 + Ni2-1-^!0 + H2 +4H++ 2HP032" 
According to the theory, the reaction takes place only on "catalytic" surfaces. Since 
this is so, once deposition is initiated, the catalytic centers would be covered after 
certain period and coating process will suppose to be retarded. Therefore it is to be 
expected some voids or gaps will be observed along the fluorinated SWCNTs because 
the sidewall of SWCNTs was just partially deposited by Pd atoms. However, the 
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experimental result shows that with densely covered by -COOH function group, the 
Pd atoms uniformly cover the side wall of SWCNTs. therefore,SWCNTs could be 
decorated by a uniform layer of Nickel nano particles (around 1-5 nm). 
The diameters of the Ni-coated SWCNT-COOH are able to reach as high as 
20 nm depending on the reaction time and pH in the nickel-plating bath. Due to the 
severe processing condition of incorporating SWCNTs into metal/polymer matrices, 
dense coating layers are preferred to prevent reaction between matrix and the side 
wall of SWCNTS and also to improve the adhesion force. Upon the observation from 
Figure 4.1.8 c and d, the coated SWCNT-COOH was well isolated and SWCNTs 
were broken down to small bundles or even single tubes. A one-dimensional 
composite material was built up with one or several strong tangled SWCNTs inside 
Nickel layer. It will be very useful for the electronic industry. The surface of the 
coated SWCNT-COOH seems very smooth because of the dense and even dispersion 
of catalytic particles on activated SWCNTs. The nucleated metal particles grew 
around the catalytic centers and self-catalytic after the catalytic centers have been 
covered. If the catalytic centers were seperated too far, to form continuous and 
smooth coated layer would be more difficult which directly leads to the rough coating 
surface as we observed in fluorinated SWCNTs case. 
The effect of of pH and temperature were also investigated in order to 
optimize the Ni plating condition. The plating bath composition is listed out in Table 
4.1. 
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Effect of temperature: 
Three temperatures (25, 35, 45 °C) were selected while keep the pH at 8.25. 
Figure 4.1.9 illustrates the effect of temperature on the deposition rate. As the figure 
shows, the deposition rate increases with increasing bath temperature. When plating at 
45 °C, the nickel ions starts to be reduced too intense to be uncontrolled. They are not 
just deposited on the catalysts surface. Some nickel randomly deposited on the side 
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Figure 4.1.9 Effect of solution temperature on the deposition rate. 
The high reduction rate intend to form a non-uniform coating on the SWCNTs 
surface. Experimental results show that a slow reduction rate is preferable to the small 
diamter SWCNTs surface. Therefore, 25 °C were selected as the plating bath 
temperature. 
Effect of pH: 
The EN process are sensitive to the change of pH as described in Chapter 2. 
The four pH value (8.0, 8.25, 8.5 and 9)were chosen to study the effect of pH. The pH 
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could be adjusted by NH3H20. Figure 4.1.10 illustrates the effect of pH of the 
solution on deposition rate. 
Figure 4.1.10 Effect on solution pH on deposition rate and phosphorus content of the 
coating. 
X-Ray EDS studies (Figure 4.1.11) confirm that the major component in 
coated layer is nickel. A low broad P signal also appears at 2.1kev. The Raman 
comparison between purified SWCNTs and Ni coated SWCNTs shows that the nickel 
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Figure 4.1.11 EDX pattern of the coatings on the surface of SWCNTs. 
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Figure 4.1.12 Raman spectrum of purified SWCNTs and Ni coated SWCNTs where 
it shows that the nickel deposition process does not change the SWCNTs structure. 
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4.1.3 Conclusions 
In this work, purified SWCNTs and functidnalized SWCNTs were used to 
study the posibility of nickel deposition. The experimental results show that the 
surface functionalization is necessary for nickel to deposite on the sidewall of 
SWCNTs instead of randomly deposition. Different functionalization methods were 
applied onto the side wall of SWCNTs in order to well disperse them in the plating 
solution and entrap more nucleation centers for the dense and even coating metal 
deposition. The experiment suggests that the sidewall functionalization group can be 
used to initiate and nucleate nano particles on the surface. Compared with purified 
SWCNTs and fluorinated SWCNTs, SWCNTs with COOH group could entrap much 
more Sn and Pd and following nickel nucleation sites. The quality of sensitization and 
activation directly affect the final nickel coating quality. The surface of SWCNT-
COOH were sensitized and activated and shows that these activated tubes can serve as 
catalytic substrates for the subsequent electroless plating of nickel. The rate of metal 
deposition upon the catalytic nanotube surface was affected by pH and temperature. 
Increasing temperature and pH will significantly increase the deposition rate and even 
cause the random deposition. However, it is observed that there will be no reaction if 
the pH is lower than 8.0. The nickel deposition of SWCNTs prefers a slow deposition 
rate in order to prevent the plating solution decomposition. The nickel coated 
SWCNTs will be applied to make SWCNTs reinforced meta/polymer matrix 
composites in the following chapters. 
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4.2 Copper Coating on Acid Treated SWCNTs 
The same two-step sensitization and activation procedure as that for Ni coating is 
performed to introduce catalytic nuclei onto the SWCNTs non-catalytic surface. 0.5g 
of the acid treated SWCNTs were aged for 72 hrs and further sonicated in 50 ml of 
the SnCl2-HCl solution for 30 min and the mixture was subsequently stirred for 30 
min. The sensitized tubes were separated from the sensitizing medium by 
centrifugation and washed with deionized water. The sensitized SWCNTs were then 
stirred in 50 ml of the PdCU-HCl activating solution for 0.5 h. The resulting activated 
and sensitized SWCNTs were separated from the activation medium by centrifugation 
and washed with deionized water. 
To obtain copper-decorated SWCNTs, the activated and sensitized 
Table 4.2.1 Copper electroless coating bath composition. 
Composition 
CuS04-5H20 
Disodium salt of EDTA 











(pH=7; adjusted with NaOH) 
67 
SWCNTs were stirred in 100 ml of the copper bath (Table 4.2.1) for 0.5 h. Followed 
by addition of 2 g of HCHO with vigorous stirring for 10 min. The mixture was 
filtered after 5 min and washed with deionized water. 
Figure 4.2.1 SEM image of copper coated acid treated SWCNTs which shows a 
uniform copper coating on SWCNTs. 
As observed in Figure 4.2.1, the coating of copper on the carbon SWCNTs is uniform. 
XPS studies confirm that the activated SWCNTs are coated with copper. XPS spectra 
were recorded on a PHI Quantera X-ray photoelectron spectroscopy using an Al Ka 
source at a base pressure of2.0X10-9Pa. 
XPS survey spectrum for the Cu coated SWCNTs was shown in Figure 4.2.2. 
In the spectrum, Cu and C elements with a small amount of O elements was detected 
on the SWCNTs surface. The Cu-coated SWCNTs was extremely reactive towards 
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Figure 4.2.2 XPS survey specturm for the coated-Cu SWCNTs. 
The result demonstrated that the potential of depositing Cu on the SWCNTs with 
the three steps electroless plating method. The mechanism of the anodic and cathodic 









The rate determining step depends on the OH concentration. 
Results: 
The inert surface of SWCNTs was acid treated followed by sensitization and 
activation processes. These activated tubes then served as catalytic substrates for the 
electroless plating of copper. The copper deposited on the catalyst surface instead of 
randomly reduction in the solution. 
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4.3 Silver Coating on Acid Treated SWCNTs 
In this section, an approach was described to attach the silver particles onto the 
sidewall of SWCNTs. The SWCNTs were acid treated as we described in the Chapter 
3 in order to obtain a more controllable and specific nucleation sites of silver 
reduction. 
4.3.1 Materials 
SWCNTs prepared by the HiPco method were purchased from Carbon 
Nanotechnologies Inc. They were purified and acid treated as described in the chapter 
3. The chemistry study revealed that the surface is covered by carboxylic (-COOH) 
groups. As a result, the acid treated SWCNTs disperse better in solution than the 
purified SWCNTs. The most important advantage is the fact that the functionalized 
SWCNTs are more reactive than the untreated SWCNTs. 
4.3.2 Procedure 
A two-step pre-activation was need and this was accomplished by immersion of 
the SWCNTs for 30 min in aqueous solution (previously aged for 72 h at room 
temperature) of SnCh, followed by rinsing in distilled water and immersion for a 
further 30 min in a solution of PdCfe. The solution composition is described early this 
Chapter. The activated SWCNTs were washed with distilled water and separated from 
the solution by centrifugation and then introduced in the electroless plating bath. 
The presence of carboxylic acid groups can be used to initiate and nucleate 
aggregation of silver on the surface. The surface reactions are by no means limited to 
the carboxylic groups. The Ag electroless plating reaction, where the silver ions are 
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reduced by a reducing agent such as an aldehyde, was used to deposit the silver on the 
side wall of SWCNTs. 0.5g of SWCNTs were refluxed with AgN03 and NH3-H20 in 
the presence of small amounts of formaldehyde for a couple of hour, filtered and 
washed. The composition of the electroless plating bath and the reaction condition are 
given in Table 4.3.1. The added formaldehyde serves as an increased reducing agent 









pH: 8.5±0.5; Temperature: 20°C 
and enhancer that makes it possible to observe the deposited metal, since the 
stochiometric amount of carbonyl groups on the surface is very small. Nevertheless, 
the surface groups serve as nucleation points for the silver since the silver is only 
found on the surface of oxidized SWCNTs. This is shown in Figure 4.3.1a, where the 
silver particles can be seen distributed along the tube surfaces. From the results 
presented, it is clear that nucleation and coating of nanotubes by metals and metal 
Figure 4.3.1 SEM and TEM image of silver coated SWCNTs which shows the silver 
particles attach on SWCNTs. 
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compounds can be made specific and enhanced by the pre-acid treatment of the 
surface and by choosing the appropriate reaction. The type of reactions and reaction 
conditions will no doubt influence the resulting texture of the coating, as is clear from 
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Figure 4.3.2 EDX of silver coated SWCNTs. 
EDX analysis (Figure 4.3.2) shows that the silver was successfully reduced out. The 






Decorated SWCNTs are not only be useful for catalysis and creating nanometer-size 
wires but also cause nanotubes to become linked into a rigid matrix in order to obtain 
the maximum benefit of their unique flexibility and strength. 
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CHAPTER FIVE 
SWCNTS REINFORCED METAL COMPOSITES 
5.1 Dispersion of Coated SWCNTs in Copper Powder 
The high aspect ratio (>1000) and good mechanical properties of SWCNTs make 
them ideal candidates as reinforcements in composite materials to increase both 
stiffness and strength while also contributing weight savings. However, there are 
some challenges we have to face including SWCNTs agglomeration and its dispersion 
in the matrix. The non-dispersed SWCNTs bundles will perform as a defect site in the 
composite without bearing any load transfer. 
In this research, the micro-size copper particles were used to mix with nickel 
coated SWCNTs via extensive ball milling. The large surface area of micro-size 
copper particles will help the dispersion of nickel coated SWCNTs. The detailed 
process and the result were published [133] and described as following. 
5.1.1 Experiment Procedure 
A size range (5-10um) and spherical morphology of copper powder has been 
selected to achieve the a better dispersion and flowability of powders. SWCNTs went 
through the purification, functionalization and Ni coating processes described in the 
Charpter 3. 
Cu powder mixed with nickel coated SWCNTs(0.5 wt%) were soaked in alcohol 
and ball milled with 30 ceramic milling pellets in a ceramic mixing container. The 
container were then agitated using a ball mill for varying milling times up to 48 h. 
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Samples were extracted from the batch after 30 min, 1, 3, 6, 12, 18, 24, 36 and 48 h 
and used for scanning electron microscopy (SEM) analysis to examine the dispersion 
of the Ni coated SWCNTs within the Cu matrix and to characerize the composite 
particle morphology and size. 
5.1.2 Result and Discussion 
Investigation into the effect of wet mixing on the dispersion of the Ni coated 
SWCNTs has confirmed that clustering is a major problem due to the large size 
difference between the copper particles and the SWCNTs. Figure 5.1.1 below shows 
Ni coated SWCNTs clusters after 1 h of wet mixing. 
Investigation of the particle surface after various milling times revealed the 
presence of Ni coated SWCNTs uniformly distributed, on the particle surfaces after 6 
h of milling, as shown in Figure 5.1.2. The same dispersed presence of Ni coated 
SWCNTs on the surface was observed for particles milled for 8 and more hours. 
However, after 12 h, the Ni-coated SWCNT cluster starts to be untangled and 
dispersed among the Cu particles as shown in Fig 5.1.3. However, even the ball 
milling was keep longer time up to 48 hrs. The dispersion situation won't have large 
change. It can be seen that the Ni coated SWCNTs appear intact after being subjected 
to ball milling process up to 48 h. 
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Figure 5.1.1 Clusters of SWCNTs after wet mixing for 1 h [133]. 
Figure 5.1.2 SWCNTs were untangles and dispersed on to the metal particles surface 




One of the key issues in the development of SWCNTs/metal matrix composites is 
controlling the agglomeration of the SWCNTs. The results presented in this section 
demonstrate that ball milling is a promising technique to overcome this problem. 
However, other better approaches need to be developed to improve the dispersion. 
The SEM results showed that the usual SWCNT clustering often observed was 
minimized. 
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5.2 Manufacture of Copper-SWCNTs composite 
5.2.1 Powder Metallurgy 
After the ball milling, the result was a dark powder of uniformly dispersed nickel 
coated SWCNTs and copper powder. This well-mixed final sample was slowly cold 
pressed under a pressure of 100 MPa and kept for 10 minutes. The resulting sample 
preform was a cylinder 0.25 inches in diameter and 0.25 inches in height weighing 
roughly 0.75 grams. The samples were placed in a hydrogen furnace for 5 hours at a 
temperature of 400 C (resulting a bright shining copper surface) to help remove any 
unwanted oxidation that could have formed before or during the cold pressing process. 
The hydrogen treated samples were then sintered in an argon atmosphere at 800 C for 
15 hours. SEM was used to analyze the microstructure following the sintering process. 
[133] 
5.2.2 Containerless Levitation 
After sintering, the samples were then ready to be levitated and melted using a 
Radyne EI-40 model radio frequency generator in an inert atmosphere. This generator 
produces 400-600 A of current at a single frequency of 400 kHz. The large current 
and frequency create an electromagnetic field strong enough to levitate the copper 
sample while simultaneously inducing a heating eddy current sufficient enough to 
melt metals. The samples were melted and mixed in the levitation process in an argon 
atmosphere for 30 seconds. The surface was then cut by a diamond saw and SEM was 
applied to analyze the cross section microstructure. 
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5.2.3 Result and Discussion 
Figure 5.2.1 shows the microstructure of the composite sample after hydrogen 
treatment and high-temperature sintering. It is observed by SEM that there is neck-
like growth between copper particles; the distance between copper particle centers 
decreases which reduces the composite porosity. The principal driving force for the 
shrinkage is surface tension which causes transport of material from surfaces with a 
small radius of curvature to those with a larger radius of curvature. These forces also 
cause a decrease in the total surface of the pores and thereby shrinkage of the compact 
preform. The SWCNTs in the SEM image of the composite samples sintered at 800°C 
are similar to those of the premixed material as shown in Figure 5.1.3. No significant 
change either in morphology or in microtexture is observed. 
Figure 5.2.1 SEM image of fractured surface of the SWCNTs/Cu after PM process 
and 800 °C sintering treatment [133]. 
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Figure 5.2.2 SEM image of SWCNT reinforced copper composites (a) the surface of 
composite microstructure; and (b) the cut surface of the composite. 
Figure 5.2.2 (a) shows the surface microstructure of the SWCNT reinforced 
copper composite sample after the levitation process. It is noticed that there are 
SWCNTs which still survive the high temperature electromagnetic processing. It is 
also observed by SEM that some SWCNTs appear on the melted copper composite 
surface (Figure 5.2.2.a). Pulling-out and bridging occurs in the sample (Figure 
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5.2.2.b), and the fractures propagate along the direction of the initial cracks. Therefore, 
by SEM observation, the main fracture mechanism in regard to the SWCNTs is 
pulling-out of the fibers. 
The Levitation melting is a process in which an electrically conducting sample is 
placed in a sufficiently strong alternating magnetic field. Induced eddy currents in the 
conductor produce a time-averaged Lorentz force capable of supporting the conductor 
against gravity and an Ohmic heating loss that is capable of melting the sample [106]. 
Levitation melting devices normally consist of a number of coaxial coils carrying high 
frequency alternating current. When placed in the center of the coaxial loops, the 
symmetry of the field is maximized and the maximum power will then be absorbed by 
the conductor. It was this method that was used for our experimental procedure. 
The hardness results of the current study can be seen in Figure 5.2.3. These 
indicate that increasing hardness is achieved with an increase in percentage of 
SWCNTs. the electromagnetic levitation process limits the amount of SWCNT 
reinforcement can be added in the current study. Poor levitation and heating was a 
result of increasing the SWCNT content above 2% wt. It is for this reason that the 
focus of the present research was on compositions of l%wt SWCNTs and below. Fig. 
5.2.2 (a) also shows that the Cu powder was completely solidified into a relatively 
bulk composite indicating the SWCNTs shown in the figure survived at least the 
melting point of copper (1083°C). 
Raman analysis was conducted on the solid SWCNTs reinforced copper 
composite. Figure 5.2.4 shows the Raman spectrum for copper composite and nickel 
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coated SWCNTs. Not all of the peaks for SWCNTs are observed for the SWCNTs in 
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Figure 5.2.4 Raman spectrum of Ni coated SWCNTs and Ni coated SWCNTs 
reinforced copper composite. 
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5.2.4 Conclusions 
Composite specimen of nickel coated SWCNTs reinforced copper composites 
have been produced. SWCNTs dispersion has been achieved homogeneously. 
Processing has been accomplished by powder metallurgy and electromagnetically 
levitation methods. SWCNTs have been found to withstand the various processing 
methods used in this research such as high temperature. Unaltered SWCNTs were 
observed following electromagnetic levitation method. Detection methods including 
scanning electron microscopies observing the composite morphology while Raman 
spectroscopies have been used for confirmation of the presence of SWCNTs in the 
composite samples. It is evident that SWCNTs can be dispersed in copper by powder 
metallurgy method followed by electromagnetic levitation. 
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5.3 Silver Coated SWNTs Reinforced Aluminum Composite 
Silver decorated SWNTs reinforced aluminum matrix composites were fabricated 
by cold pressing followed electromagnetic levitation. This work indicated that the 
SWNTs in the composites are intact during the composite preparation. Scanning 
Electronic Microscopy has been carried out to examine the aluminum composite 
structure. The effects of SWNTs content on mechanical properties of composites were 
investigated. 
5.3.1 Materials 
The 99.9% pure Al powders of 20 urn nominal diameter were shown in Figure 
5.3.1. The functionalized SWNTs were decorated by Ag using the method described 
in Chapter 4. 
5.3.2 Experiment 
Ag coated SWNTs were added to ethanol in order to retain uniform distribution. 
Subsequently, Al powders were introduced into the SWNTs-ethanol solution and the 
mixed powders were ball milled for 48 hours. The homogeneous dispersion of 
SWNTs shows that the ball milling could break the SWNTs bundles as in Figure 5.3.2. 
Finally, the mixed powders were dried at 80 °C in vacuum. For this study, various 
weight percents of SWNTs such as 0.5wt%, 1 wt%, 1.5wt% and 2wt% have been 
mixed with Al powder. 
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Figure 5.3.1 SEM of 99.9% pure Al particle with nominal diameter of 30um. 
Figure 5.3.2 SEM of Al powder and 0.5 wt% Ag coated SWNTs mixed in ethanol by 
ball milling after 48 hours. 
The mixture was compacted into a cylinder (Diameter 0.25in X length 0.25in) 
under lOOMPa for 10 minutes. The sample performs were placed in a hydrogen 
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furnace for 5 hours at a temperature of 400°C to remove potential oxide. The samples 
were then sintered in an argon atmosphere at 450 °C for 15 hours. 
SEM was used to analyze the microstructure following the sintering process. 
After that, the samples were levitated and melted using a Radyne EI-40 model radio 
frequency generator. The large current and frequency create an electromagnetic field 
to levitate the aluminum/SWNTs sample, in the mean time; it induces a heating eddy 
current to melt aluminum composite. The samples were melted and mixed in the 
levitation process in an argon atmosphere for 30 seconds. The cross section of the 
aluminum composite was prepared and SEM was applied to analyze the fractured 
surface microstructure. 
5.3.3 Results and Discussion 
The SEM picture in Figure 5.3.2 illustrates the SWNTs were pre-dispersed and 
attached on the Aluminum powders and SWNTs were dispersed from bundles with 
the help from Ag coating and 15 hrs ball milling. Figure 5.3.3 shows the 
microstructure of the composite sample after hydrogen treatment and high-
temperature sintering. It is observed that powders were linked together by the 
sintering process. SWNTs were embeded inside the aluminum matrix. Figure 5.3.4 
shows the cut surface microstructure of the SWNTs reinforced aluminum composite 
sample after the levitation process. It illustrates that the SWNTs survived the high 
temperature levitation process. 
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The Vickers micro-hardness of the SWNT/A1 composites with different volume 
fractions of SWNTs were shown in Figure 5.3.5. It is evident that the hardness of the 
composite increases with increasing the volume fraction of SWNTs until 1 wt%, then 
Figure 5.3.3 SEM of 0.5 wt% Ag coated SWNTs/Al composite after 100 MPa 
powder metallurgy and 450 °C sintering. 
the hardness of the composite decreases with the further increase of SWNTs 
concentration. It might caused by floating silver particles by the non-optimized silver 
coating procedure. 
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Figure 5.3.4 SEM of fracture surface of 0.5 wt% Ag coated SWNTs/Al composite. 
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Figure 5.3.5 Effects of SWNTs content on hardness of SWNT/A1 composites. 
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CHAPTER SIX 
BMI-NI COATED SWCNTs COMPOSITE 
High temperature Bismaleimide (BMI)-graphite/ Ni coated SWCNTs composites 
have been developed together with Advanced Ceramics Research [142, 143], The 
Electromagnetic Interference (EMI) shielding and surface conductivity have been 
improved. Nickel coated acid functionalized single-walled carbon nanotubes were 
used. A vacuum assisted resin transfer molding (VARTM) was used to process these 
composites. VARTM-type processes are a cost-effective method to produce large 
composite structures with high-fiber volumes and excellent mechanical performance. 
Surface and volume resistivity and EMI shielding effectiveness of the composites 
were assessed. A comparison with baseline data of unfilled BMI fiber reinforced 
composites is presented. Scanning electron microscopy and Raman Spectroscopy 
were used for SWCNTs and composite characterization. The electrical properties of 
the bulk samples were studied. 
6.1 Materials 
As-received SWCNTs were functionalized a mixture of sulphuric acid and nitric 
acid as described in Chapter 3. SWCNTs were coated with nickel using the 
electroless plating technique. Bismaleimide (BMI) resin, CYCOM® 5250-4 RTM 
was obtained from Cytec Engineered Materials. 2D, plain weave, 6K tow, carbon 
fiber fabrics from Fabric Development were used as the reinforcement in the BMI 
polymer matrix composites. SWCNTs concentration of 1.5 wt% was added in the 
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BMI matrix. Ni-coated and uncoated SWCNTs were used for a comparison. The 
SWCNTs were sprayed only on the surface layers for electrical conductivity 
enhancement and EMI effectiveness. 
6.2 Fabrication and Characterization of BMI and BMI/SWCNTs Composites 
SWCNTs and Ni coated SWCNTs were dispersed (lmg/ml) in N,N-
dimethylformamide (DMF) and Ethylene diamine (EDA), respectively, as shown in 
Figure 6.2.1. A Zeiss Polarizing Optical Microscope with a 20X objective was used. It 
can be seen that EDA is the best choice for nickel coated SWCNTs. They were 
Figure 6.2.1 SEM pictures of a) purified SWCNTs in DMF. b) Functionalized 
SWCNTs in DMF. c) Nickel coated SWCNTs in ethylene diamine [143]. 
coated on the surface of each woven fabric layer by spraying followed by solvent 
evaporation (Figure 6.2.2). All composites consisted of 24 layers of the woven carbon 
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Figure 6.2.2 SEM of a) Purified SWCNTs coated carbon fiber fabric, b) 
Functionalized SWCNTs coated carbon fiber fabric, c) Nickel coated SWCNTs 
coated carbon fiber fabric [143]. 
fabric arranged in a quasi-isotropic lay-up, with the top-most layer being the 
SWCNT-coated fabric. The overall dimensions of the panels were 0.023 m2. VARTM 
was used to infuse the BMI in the composite lay-up. A schematic of this processing 
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technique is given in Figure 6.2.3. The weight of the fabric and the volume fraction 
desired is taken into account and the amount of resin required can be calculated. The 
gas permeable membrane encourages the infusion process by preventing the resin 
from leaving. 
The resin readily infused in the fabric at 110°C, and was completed in 30 min for 
each panel. Standard cure and post-cure procedures as specified by the BMI 
manufacturer were used to finalize the fabrication of the composite panels. Vacuum 
was maintained for the cure step at 180°C for 6 hrs, and was released for the post-cure 
step at 230°C for 4 hrs. 
Modified Vacuum Assisted Processing 
Figure 6.2.3 VARTM set up for composite performs. The gas permeable membrane 
encourages the infusion process by preventing the resin from leaving [142]. 
6.3 Results and Discussion -
BMI/SWCNTs and BMI/Ni-SWCNTs composites were maufactured using the 
VARTM process. A typical panel is shown in Figure 6.3.1. 
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Figure 6.3.1 Typical BMI composite panels fabricated by VARTM method[142]. 
Electrical Properties 
The purpose of this study was to use Ni coated SWCNTs as reinforcement for to 
improve electromagnetic interference shielding and surface conductivity. Previously, 
it was observed that there was no change in the mechanical properties through the 
addition of the SWCNT's [100]. Therefore, the goal was to improve the electrical and 
thermal properties without degrading the mechanical properties. Due to their large 
surface area and higher aspect ratio of SWCNTs compared to other fillers, it is 
expected that a smaller volume fraction of SWCNTs would be sufficient to achieve 
low resistivity levels. For instance, similar levels as obtained at lwt% would require 
15 wt% of nanofibers in polyethylene [101] or as high as 35 or 40 wt% for carbon 
black filled materials [102], which often compromises the mechanical performance of 
the materials due to embrittlement of the poor carbon black reinforcement effect. It is 
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expected that low resistivity could be obtained with low levels of SWCNTs without 
compromising the mechanical properties. 
The surface resistivity of the composites were measured with a JANDEL 
resistivity apparatus Model RM2, incorporated with a four-point cylindrical probe, 
and a Monroe Electronics Model 272A portable Surface Resistivity/Resistance. The 
surface resistivities of four samples are shown in the table 6.1 for composites without 
SWCNT and two with 1.5 wt% Ni-coated SWCNT. The Ni-coated SWCNT samples 
showed a marked reduction of the surface conductivity. Previously, it had been 
observed that the surface resistivity of the samples with 1.5 wt% SWCNT with no 
nickel coating was approximately 1E+10 ohms. There was a decrease in the surface 
resistivity by 6 to 10 orders of magnitude compared to samples with no nanotubes and 
a reduction of 2 to 6 orders of magnitude compared to SWCNTs with no nickel 
coating. Since the resistivity is directly proportional to the surface conductivity; the 
conductivity has increased by with the addition of the nickel coating on the SWCNTs. 
Table 6.1 Comparison of surface resistivity of panels with and without Ni coated 
NTs [142]. 
Baseline composites with carbon fiber -
no SWCNT 
Composite with SWCNT - no nickel 
coating 
Surface Resistivity (ohms) 
1.00E+14 
l.OOE+10 
Composite with Ni Coated SWCNT -
set #1 





EMI Shielding Effectiveness 
The EMI shielding Effectiveness (SE) was tested by UT Pan American. The EMI 
Shielding Effectiveness was measured using an EMI cell with and without a sample at 
different frequencies (0.3 MHz to 1.3 GHz) using an HP 8752 C Network Analyzer 
[103]. The SE is measured by comparing how much of the signal is blocked by the 
presence of the sample. The shielding effectiveness is measured in decibels (dB) as 
follows: 
S£ = 10xlog(/>//>)
 : ( I ) " ' 
Where P t is the received signal with the sample, and Pi is the reference signal without 
the sample. Figure 6.3.2 shows a normalized plot of EMI shielding effectiveness as 
compared to BMI/graphite composites. The normalization was obtained by dividing 
the average SE value for the particular composite system with the average SE value 
for the BMI/graphite composite system. That is, the normalized SE for the 
BMI/graphite system is considered to be 1, while the normalized SE for the other 
systems would be the ratio of the average SE for the system and the average SE for 
the BMI/graphite system. It was observed that there was an average improvement of 
33% in the SE with an addition of 1 wt% SWCNT. The addition of the nickel coating 
on the SWCNTs reduced the average EMI SE by approximately 20% for similar 
levels for composites without the nickel coating. It increased the surface conductivity 
by 2 to 6 orders of magnitude for the same SWCNT loading. 
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Figure 6.3.2 Normalized EMI SE of carbon/BMI composites with SWCNTs/nickel 
coated SWCNTs fillers [142]. 
According to Simon [104], a reduction of signal strength by 30 dB would be adequate 
in 50% of the cases and 40 dB would fulfill 95% of requirements of the automotive 
and computer industries. Therefore, if higher EMI SE can be obtained through the 
addition of lesser amounts of fillers, it could provide an easier route to process the 
composite and ultimately a lower cost multi-functional composite material. Higher 
conductivity and higher EMI SE could also ultimately lead to composites that could 
be used in lightning strike protection application. 
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6.4 Conclusions 
BMI carbon fiber composites filled with SWCNTs and Ni-SWCNTs were 
fabricated using VARTM processing technique. The work demonstrates the increase 
in surface conductivity by applying a nickel coating to the SWCNTs while 
maintaining a high EMI SE and structural integrity. Ongoing efforts are being 
continued to improve the dispersion process and determine the effect of 
functionalized nickel coated SWCNTs. 
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CHAPTER SEVEN 
Ni-SWCNT COMPOSITE COATING 
Because of the successful results shown in various composite coating systems as 
described in Chapter 2, the potential application of SWCNTs was brought up and the 
co-deposition mechanism with SWCNTs needs to be investigated. The Ni-SWCNTs 
composite coating was prepared on a carbon steel substrate by means of electrical co-
deposition method. A detailed optimization study was conducted, the effect of 
SWCNTs concentration in the bath, current density and agitation rate were studied in 
order to select the optimized co-deposition condition. Samples on different deposition 
stages were characterized to understand the Ni-SWCNTs co-deposition mechanism. 
7.1 Materials 
Pristine SWCNTs went through the oxidation and acid treatment as described in 
Chapter 3. A watts nickel electrolyte was used to deposit Ni/SWCNTs composite 
coatings onto carbon steel (C: 0.45%) substrates. The carbon steel substrate was 
degreased with chemicals as shown in Table 7.1. The optimized bath compositions 
and conditions are shown in the table 7.2. Carbon steel with an exposed surface area 
of 1cm2 was used as the cathode. A pure Ni plate (99.98wt%) was used as the anode. 
7.2 Experimental and Optimization Study 
The behavior of nano-scaled SWCNTs in aqueous electrolytes was studied first. 
The SWCNTs suspensions were subjected to mechanical agitation by ultrasonication 
followed by a magnetic stirring. Although the SWCNTs were functionalized with 
carboxylic group, they will precipitate out and form bundles co-deposited on the 
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substrate. Sodium dodecyl sulfate (SDS; CH3(CH2)nOS03Na) surfactant was added 
into the solution to stabilized the dispersion of SWCNTs. The pH value was measured 
using a glass electrode single-rod measuring cell. The preferred the pH value is 4.5. 















The carbon steel substrates were ground using SiC- paper to the grade of 600 
granularity. Degreased and then ultrasonicated to further remove the impurities on the 
surface. The rough finished carbon steel was further polished on fine polishing 
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machine with polish particles size down to 1-micron. The polished substrate was 
washed with deionized water before being put in the watts nickel-plating bath. 
A deposition cell is shown in Figure 7.1. It consists of a power system, Temperature 
control system, bath container and bath agitation system. The deposition 
Tower 
Resistor 
1LJ ' ' " ' ' ' T r U 
Figure 7.1 The sketch of electro-codeposition setting, the SWCNTs are suspended in 
the plating solution. Also shown are the hot plate (for temperature control), stirrer (for 
suspending SWCNTs) and electrical power system. 
bath is kept at a desired temperature by presetting the temperature using the hot-plate. 
The dispersed SWCNTs were suspended by a magnetic stirring system along the 
plating process. SEM and energy dispersive X-ray analysis (EDX) were carried out 
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for the coating surface observation and the study of incorporation behavior of 
SWCNTs. 
7.3 Results and Discussion 
7.3.1 Behavior of SWCNTs in Aqueous Electrolytes 
Mechanical stirring was used for the mixing and suspending of SWCNTs in 
distilled water. The treatment of the suspension with ultrasonication helped to 
unentangle SWCNTs. Sodium dodecyl sulfate (SDS; CH3(CH2)iiOS03Na) was added 
(in a ratio to SWCNTs of 1:5 by weight) to keep the untangled SWCNTs stably 
dispersed inside the electrolytes. After the suspension had been left unattended for 
about a week, no significant modification of average entanglement was observed. It 
demonstrated that the SDS could substantially overcome the van der Waals force and 
keep dispersed SWCNTs stable. The schematic representation of how SDS adsorb 
onto the SWCNTs is shown in Figure 7.2. The alkyl chains of SDS will lie along the 
SWCNTs surface and keep them away from each other therefore stabilize the 
dispersion of SWCNTs. 
Figure 7.2 Schematic representation of how SDS surfactants may adsorb onto the 
SWCNTs surface [105]. 
7.3.2 Optimization of Plating Condition 
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Major factors affecting the rate of SWCNTs entrapment include SWCNT 
concentration, current density and agitation rate. An optimization study was 
conducted and is described in the following section in order to understand the effect 
of these factors. 
1. SWCNTs concentration in the bath 
Figure 7.3 shows the effect of the concentration of SWCNTs in the solution on the 
content of SWCNTs in the deposit. The relationship was non-linear. The content of 
SWCNTs in the deposit increases with the SWCNTs concentration in the bath and 
after reaching a maximum value, the content decreases. When the SWCNT 
concentration in the plating bath over the maximum value, SWCNTs block most of 
the cathodic area 
0.5 1 1.5 
SWNTs content in the bath (g/l) 
Figure 7.3 SWCNTs content in the coating as a function of SWCNTs concentration in 
the plating solution. The plot indicates the content of SWCNTs in the deposit 
increases with the SWCNTs concentration in the bath and after reaching a maximum 
value, the content decreases. 
which retards the deposition rate of nickel atom. Less SWCNTs will be entrapped by 
deposited nickel layer. The maximum value of the content takes place at SWCNTs 
concentration of 1.25 g/l for the functionalized SWCNTs. 
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2. Current density 
Figure 7.4 shows the relationship between the embedded SWCNT content in the 
nickel deposit and the supplied current density. The concentration of SWCNTs in the 
composite coating increases to a peak value and then decrease with increasing current 
density. The maximum content is observed at a current of 2.5 A/dm2 for the 
functionalized SWCNTs. When current reaches 2.5 A/dm2, the nickel deposition rate 
is too high, the rate of transporting SWCNTs to the cathodic surface determines the 
SWCNT concentration in the coating. 
Current density (A/dm2) 
Figure 7.4 SWCNTs content in the coating as a function of current density. The 
SWCNTs content in the bath is 1.25 g/1. The plot indicates that the concentration of 
SWCNTs in the composite coating increases to a peak value and then decreases with 
increasing current density. 
3. Agitation rate 
In order to obtain a composite coating, agitation must be exerted to suspend and 
transport SWCNTs as shown in Figure 7.1. At a given current of 2.5 A/dm2, the 
SWCNT concentration in the bath of 1.25 g/1 SWCNTs and pH value of 4.5 at 25 °C, 
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the maximum content of SWCNTs in the deposit were obtained at an agitation rate of 
150 rpm. 
7.3.3 The Morphology of the Composite Coating 
The composite coating was formed by co-depositing SWCNTs and nickel with 
magnetic stirring agitation. Figure 7.5 shows a typical SEM micrograph of a 
SWCNTs-Ni composite coating. It can be seen that the SWCNTs appear dispersed in 
the nickel matrix. This indicates that the dispersion of SWCNTs in the bath helps 
Figure 7.5 SEM of the surface of a SWCNTs-Ni composite coating by 
electrodeposition showing the SWCNTs were embedded into the Ni coating. 
to disperse SWCNTs in the coating. The grains size of the composite coating is 500 
nm with 1.6 wt% of SWCNTs. 
SEM examinations—incorporation behavior of SWCNTs 
Investigation of the microstructures of the nickel/SWCNT coatings was carried 
out using SEM and EDX in order to clarify the structural composition and SWCNTs 
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distribution. The proposed growth process of the Ni-SWCNTs co-deposition is 
sketched in Figure 7.6. The SWCNTs were transported onto the cathode surface 
continuously after previous SWCNTs were embedded into the coating. Because the 
SWCNTs possess high electrical conductivity, Ni is reduced on both the substrate and 
the SWCNTs on the cathode surface. Resulting in a skewered dumpling type 
SWCNT-Ni composite before SWCNTs were wholly incorporated as shown in Figure 
7.7. As deposition proceeds, electrodeposited Ni particles on the SWCNTs grow to 
incorporate them into the composite coating (Figure 7.9). 
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Figure 7.6 Schematic of the growth process of Ni-SWCNTs codeposition. (a) Nickel 
is deposited on the carbon steel substrate, (b) SWCNTs become attached onto the 
cathode surface, (c) Ni electrodeposites on the incorporated SWCNTs as well as on 
the substrate, (d) Ni-SWCNTs co-deposition coating forms. 
Figure 7.9 (a) shows Ni deposits on the cathode surface as well as the surface of 
SWCNTs. Ni did not electrodeposit uniformly on the SWCNTs, but selectively 
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electrodeposited on the end and locally on the SWCNTs surface. Because SWCNTs 
possess high electrical conductivity along these axes, the protruding ends of the 
SWCNTs incorporated into electrodeposited Ni have lower resistance than along the 
length. Therefore, Ni ions easily accept electrons and electrodeposit selectively 
Figure 7.7 SEM image showing the Ni-SWCNTs composite coating surface. 
Figure 7.8 Schematic of the selective deposition of Ni on the functionalized 
SWCNTs. 
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on the ends of the SWCNTs. However, functionalization creates some defect sites 
along the SWCNT outer surface. The defect sites on the outer surface are active and 
may have lower resistance than other sites on the outer surface of SWCNTs. Ni ions 
easily accept electrons and electrodeposit selectively on the defect sites rather than on 
other normal sites on the outer surface of the SWCNTs as sketched in Figure 7.8. 
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Figure 7.9 SEM images showing the Ni-SWCNTs co-deposition process, (a) 
SWCNTs start to attach onto the cathode surface, (b-d) Ni electrodeposites on the 
incorporated SWCNTs as well as on the substrate resulting a composite coating. 
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Figure 7.10. SEM image of different coatings under the same plating bath conditions, 
(a) Ni coating, (b) Ni-SWCNTs composite coating. 
An EDX scan of a Nickel-SWCNT composite coating is shown in Figure 7.10. A 
Nickel signal appears as well as C and Fe signal which come from SWCNTs and the 
carbon steel substrate, respectively. 
EDX for NI/SWNTs on 45 carbon steel 
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Figure 7.11. EDX pattern of the Ni-SWCNT composite coating on the carbon steel 
surface. 
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The hardness results of the composite coating are shown in Figure 10.11. These 
indicate that a 20% hardness increasing is achieved with incorporating 1.68 wt% 
SWCNTs in the composite coating. As observed in Figure 7.9, when SWCNTs were 
incorporated in the composite Nickel coating, they serve as grain-grow inhibitors. 
Therefore, the composite coating has smaller grains (500 nm) than the pure nickel 
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Figure 7.12 Hardness comparison of a Ni coating and Ni-SWCNTs composite 
coating under optimized coating condition. It shows that a 20% hardness increasing is 
achieved with incorporating 1.68 wt% SWCNTs in the composite nickel coating. 
7.4 Conclusions 
SWCNTs-Ni composite coatings were deposited from a conventional plating 
nickel bath. Successful incorporation of SWCNTs has been established. The co-
deposition of SWCNTs in a nickel electrolytic coating depends on the cathodic 
current density, agitation rate and SWCNTs concentration in the bath. The 
agglomeration tendency of particles in the aqueous electrolyte has also been 
considered and surface functionalization and SDS surfactant have been applied to 
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achieve better SWCNTs dispersion. A mechanism of SWCNTs co-deposition process 
has been discussed in detail. The mechanism of the co-deposition process can be 
characterized as follows: SWCNTs transporting to the cathode surface is controlled 
by the strength of the agitation. During engulfment of SWCNTs in the growing 
deposit, the electrical conductivity of the SWCNTs is the most important factor 
affecting the smoothness, uniformity and homogeneity of the composite coating. The 
influence of the SWCNTs on the crystallization mechanism of nickel has been shown 
in comparison with that of SWCNT-free deposited coatings. 
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CHAPTER EIGHT 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
This thesis has presented several ideas for integrating SWCNTs into metal matrix, 
and several important contributions to the development of SWCNT composites. 
The electroless coating method for decorating sidewall of SWCNTs has proven to 
be very convenient and useful tool to modify the inert surface of SWCNTs in order to 
incorporate them into metal matrix. This method could be extended to many other 
metal matrixes beyond the examples here presented. 
1. The functionalized SWCNTs have been demonstrated to be activated and serve as 
catalytic substrates for the electroless plating of copper, nickel and silver. The 
functionalization is a critical procedure determining the amount of the nucleation 
site along the side wall of SWCNTs. Therefore it determines the quality the metal 
coating on the SWCNTs. 
2. The two-step activation approach together with electroless plating method yielded 
decorated SWCNTs ranging from the sparsely decorated to uniformly coated 
tubes depending on the various factors such as functionalization, pH, and coating 
time. 
3. Conventional metal composite manufacturing methods such as powder 
metallurgy and composite coating are able to be utilized to effectively produce 
nano-metal matrix composite with SWCNTs dispersion at intergranujar level. 
Grain growth during consolidation can be suppressed in the bulk metal-SWCNTs 
composites more significantly than in pure metal processed by powder metallurgy 
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or composite coating. Grain growth inhibition may be attributed to the sample 
addition of SWCNTs. 
4. The metal coating significantly enhances the electrical properties when embedded 
into the polymer matrix. 
From these results, several future research topics arise. 
1. Study various functionalization approaches and find better one suite for the metal 
deposition. 
2. More novel processing methods need to be applied to producing nanocomposite. 
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